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Abstract

For daylighting optimisation, shading devices are increasingly operated
automatically to overcome the limitations of manual operation. Automated
daylighting systems need to be controlled to maximise the benefits of
daylight on the aspects of redirecting sunlight, occupant comfort and
energy consumption. However, the conventional control methods focused
on minimising adverse impacts of daylight, but they might fail to maximise
the positive impacts of daylight. They may often inaccurately predict the
position or angle of slats of louvre or blinds, resulting in the undesirable
blockage of useful daylight needed.

This PhD thesis puts forward an innovative control method for
automated louvres to optimise the utilisation of daylight. The proposed
control method can not only protect occupants from sunlight glare but also
maximise daylight penetration into deep-plan office rooms based on
algorithmic methods. The proposed control method is designed to reflect
the incident sunlight onto the ceiling, where the reflected light acts as a
source of light for illumination. The reflective mirrored slats are individually
angled but rotated with the same angle, i.e., they respond to the sun
altitude angles parametrically in individual heliotropic response so that
they can reflect sunlight to the corresponding positions on a ceiling.
Accordingly, this process can exploit the optimal use of natural daylight
and provide shading simultaneously.In addition to the louvres, windows
are the most common architectural elements widely used in office buildings
to protect them from climate changes. Advanced glazing and other

fenestration systems can further improve daylighting performance.



This PhD study proposes an advanced integrated daylighting system
combining the automated louvre of parametrically-angled mirrored slats
with electrochromic and thermochromic glazing, which can respond to the
sun movement and solar intensity simultaneously, based on parametric
control. The criterion is to keep a relatively uniform daylight distribution in
the range of 300~500 Ix over the whole desktop area, aiming to provide
sufficient daylight to achieve visual comfort and save energy for a
maximised period of a day. Simulation studies have been held in the
locations of New-Cairo in Egypt and Birmingham in the UK, while, a field
study has been held in an example office room at the University of

Nottingham in the UK.
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Chapter 1 Introduction

1.1 Background

It is necessary to observe the significant increase of conventional
energy consumption that leads to global warming and carbon emissions,
which therefore encouraged many countries to implement new energy
policies and promote renewable energy applications [1]. A study revealed
that lighting energy consumption of the global is approximately 19% of
total electricity consumption, which expected to increase to 40% by 2030
if no practical solution policy is considered [2]. Usually, half of electricity
consumption in commercial and office buildings is for lighting. This could
be significantly reduced with sufficient use of daylighting, which is one of
the fundamental measures in sustainable buildings development. However,
only within 3 meters from windows, daylighting can provide sufficient
illuminance and its distribution is highly non-uniform. This has largely
limited the energy saving potential of daylighting in deep-plan buildings.

Therefore, buildings are dramatically moving towards bioclimatic design
and particularly passive natural cooling technologies or passive solar
building, which is a necessary step towards energy-efficient building and
fully sustainable Zero Energy approach. This step can be improved via
exchange the conventional energy sources with renewable energy sources
(RES). This trade-off can be achieved by optimising the use of free natural
resources such as daylight and solar energy.

From another aspect, inside our bodies, the exploitation of natural
daylight is one of the vital approaches to our health. Based on photometric,

medical, psychological, and physiological criteria; these various human
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needs should be taken into consideration. Besides, these criteria have
many aspects like visibility, activity, health, safety, comfort, social contact,
communication, aesthetic appreciation, and so forth [3]. Light influences
our bodies in two ways. Firstly, through our eyes' retina, then go to our
vision system to stimulate our metabolism, endocrine and hormone
system. Secondly, it interacts with our skin by way of photosynthesis and
produces vitamin D [4].

The hypothalamus, a part of the brain beneath the thalamus, can
control most of our body’s life-sustaining functions. The hypothalamus is
responsible for several metabolic processes and autonomic activities such
as energy, growth, maturation, circulation, breathing, emotional balance,

fluid balance, reproduction, heat regulation and circadian cycle, Figure 1-1.
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Figure 1-1: Circadian rhythm for human in 24 hours, biological clock [5].

Our daily activities and night sleeping are regulated by a control centre
in the hypothalamus called the suprachiasmatic nucleus (SCN), which also
known as “body clock”. The body clock receives signals from SCN to control

these activities. The day-night cycle of the 24-hour solar day is the primary
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natural signal that stimulates our body-clock rhythms. Our body must
receive these signals with the right amount of light at the right time and
frequency. When it doesn’t, the internal clock may disturb, which affect
our bodily functions. The most powerful signal is the bright light, such as
sunshine. The SCN serves as a timer or a pacemaker for our internal body
clock or circadian rhythm, as shown in Figure 1-1 and is directly influenced
by the daylight. Daylight catalyses the secretion of hormones in our brains.
At low light levels, our brains give a signal to occur the drowsiness. People
who live and work in windowless environments or places lacking adequate
daylight can be at risk of having their internal clock continually disturbed
[4], which can adversely affect their bodies’ functions and activities.

Accordingly, natural daylight should be available regularly inside the
building envelope and controlled efficiently, to meet human convenience
and improve their activities. The excessive use of artificial systems for
aesthetic aim instead of their functional purpose could be a disadvantage.
In such cases, architecture works ‘worse than climate’, and therefore,
these systems should be functionally exploited for better building
performance and energy-saving [6].

At the building envelope, glazing interactive with several physical
phenomena and processes. For instance, at the outdoor ambient, there are
many changeable factors such as air temperature, humidity, wind velocity,
solar radiation and other outer electromagnetic fields. All these factors are
permanently changeable, which have a significant influence on the spectral
distribution of the daylight and solar intensity. The most of approaches
currently in use, even in the most developed fenestration technologies are

daylight and solar heat gains. To control the amount of light and the
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intensity of solar radiation inside the building envelope, daylighting tools
such as louvre systems can play a crucial role for such aim [7].

Louvre systems are a common type of shading devices and are
increasingly operated automatically to overcome the limitations of using
manual operation [8]. Automated louvre systems need to be controlled to
optimise the benefits of daylight on the aspect of redirecting sunlight, for
occupants’ comfort and energy consumption. Meanwhile, the common
control methods are focused on minimising the adverse impacts of
daylight, rather than maximising their positive impacts. They may often
inaccurately predict the slats’ position, resulting in undesirable blockage of
useful daylight needed. The current thesis therefore puts forward an
innovative parametrically controlled daylighting louvre system, which can
redirect sunlight to illuminate the ceiling and hence provide more uniform
and steadier daylight in a room of up to 8 meters deep with more than
90% coverage, during most of the daytime. Hence, this system can
maximise use of daylighting in deep-plan buildings and thereby

significantly reduce lighting energy consumption.

1.2 Research questions and gaps

Several factors influence the amount of daylight inside space, such as
seasonal fluctuations, climate changes, geographical conditions, sun
positions, building orientation and fenestration system. These parameters
can determine illuminance quality and energy performance inside a
building. In order to improve the illuminance quality and reduce energy
consumption at the same time, a balance between these parameters
should be considered via using advanced architectural skins and innovative

designs, in addition to occupants’ comfort [9].
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Studies revealed that 20-30% of the total energy, used in commercial
buildings [10]; while, 35% of electrical energy goes to office buildings [11].
Recent studies found that using daylighting systems in office buildings can
save up to 50% of the total energy consumption [12]. Although, various
daylighting systems are introduced to the market and available in the
building industry, however, their usage still limited due to their cost,
maintenance and performance limitations. Most of these daylighting
system is based on a tailor-made, required specific design and only used
in some high profile projects due to their high cost [13]. For instance, some
daylighting systems such as light pipes can provide up to seven hours of
illuminance inside the space at maximum level 200 Ix, compared to four
hours achieved by light shelves [14]. However, light pipes are more
expensive, requiring more maintenance, and their performance can be
affected by sky conditions and solar fluctuations [15]. On the other hand,
light pipes are effectively beneficial for daylighting in windowless spaces
comparing to other daylighting systems.

Generally, daylighting systems have benefits and drawbacks; this can
be specified based on the quality and the quantity of the light provided in
addition to their primary function. A pilot study has been made over the
general daylighting system to figure out these issues and to fill in these
gaps. To summarise, there are two main issues, the external conditions
such as solar fluctuations, seasonal and climate changes, and internal
conditions such as the type of daylighting system, cost, maintenance,
accessibility and the purpose of this system. In order to achieve the
required quality and quantity of daylighting illuminance inside the space,

it is essential to consider a compromise between all those mentioned
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parameters simultaneously. So, how long during a day can a daylighting
system achieve the required illumination level inside the space (as a
quantity criterion)? Furthermore, how far inside the space can a daylighting
system achieve more uniformly distributed illumination (as a quality

criterion)?

1.3 The aim and objectives

Aim: The aim of this study is to improve the daylight distribution inside
the buildings via using movable reflective louvre which can redirect the
incident sunlight deep into the building. The Ilouvre can rotate
parametrically by responding to the sun movement - wherever the sun
moves - to collect as much as possible of daylight. Then, the daylight is
reflected into specific targets on the ceiling; then the ceiling works as a
source light to the room. Primarily, the study focuses on exploiting the
benefits of parametric design as a control method to increase the
steadiness and distribution of the daylight inside the building during the
daytime, which, contributes to achieving visual comfort for the occupants,

whereas, they can use the daylight instead of artificial lights.

Objectives:
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1. Investigate daylighting and parametric design, via pilot study about
daylight, and literature review about parametric design facilities and
its applications. Highlight previous studies that used the parametric
approach to optimise the benefits of daylight.

2. Develop an innovative daylighting optimisation method, via using
“mirrored louvre system”, based on parametric control.

3. Examine and validate the daylight reflection process in a deep-plan
room using the proposed daylighting system.

4. Investigate the steadiness and distribution of the daylight inside the
room via integrating the proposed daylighting system with advanced
windows and chamfered ceiling.

5. Measure the long-term performance of the integrated daylighting
system at different times and orientations.

6. Increase the feasibility of the proposed daylighting system by using

a smaller size and different shapes.

1.4 Structure of the thesis

The current PhD thesis studies an innovative daylighting louvre system
to improve the daylight in a typical office room via using Grasshopper as a
parametric control. The PhD thesis consists of nine chapters, starts with
the thesis introduction in Chapter 1, literature review and background
about daylighting and parametric design in chapter 2. The proposed louvre
system has been investigated in chapter 3. A validation study has
performed in chapter 4. The louvre system has been integrated with
advanced glazing and chamfered ceiling in chapter 5. Then the integrated
system has been evaluated throughout the year in different orientation in
chapter 6. An innovative controlling method has been investigated in
chapter 7, then the system has been improved to be more practical in
chapter 8, and finally, the conclusion and recommendation in chapter 9,

see Figure 1-2.
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Chapter 2 Literature review of daylighting
and parametric design

2.1 Introduction

This chapter consists of a literature review about daylighting and
parametric design. The chapter went through a general background about
the daylight in addition to its related definitions, metrics and classifications,
described in sections 2.2 - 2.4. Then the following sections went through
a pilot study about parametric design, its origin, principals, software and
its applications. The final section is literature about previous researches
who investigated parametric design concerning daylighting and how to
utilise the capability of parametric design tools to optimise the use of

daylight via case studies and applications.

2.2 The light

Light is that part of the electromagnetic spectrum that is perceived by
naked eyes. The wavelength range of light can be recognised between 380
and 780 nm. The visible parts for us are between ultraviolet and infrared,
see Figure 2-1. We can see colours at the daytime, while at night we can
only see shades of grey [16, 17]. Light may vary on its trajectory and

colour based on the physical property of a receiver surface as listed below.

Relative spectral
Wavelength [m] brightness perception

100 Gamma rays 1.0

X-rays

0.8
Ultraviolet [} 0.6

Light

0.4

0.2

Infrared \\

Microwaves D 350 450 550 650 750
100 1 Wavelength [nm]
Television, VSW

Medium wave [l T/\ /\ /\ 8

108 Radio waves 1 ,,,,, A
Wavelength [nm]

Figure 2-1: Light wavelength and visibility range [16]
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2.2.1 Light behaviour

1. Reflected light

As the wavelength of light radiation is tiny, light does not pass through
opaque surfaces, but it is reflected over them. Initially, reflection involves
two rays, an incoming ray and an outgoing or reflected ray. Also, the
reflected ray varies in its state based on the reflection surface. The law of
reflection requires that the two rays are at identical angles but located on
opposite sides, where, the two rays’ angles are equal with the normal line
on the reflector surface. In architecture, the character of most surfaces
have diffused reflection [17]; thus, this behaviour tends to distribute
natural light more uniformly inside the interior spaces. Only high polished
surfaces and those with an ordered internal molecular structure can display
regular behaviour with reflection; however, all other irregular and matt

surfaces can behave in diffuse and irregular reflection, see Figure 2-2 [17].

1
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REGULAR OR SPECULAR REFLECTION OIFFUSE REFLECTION SCATTERED REFLECT

) Polished metal surfoce

Figure 2-2: two rays reflected on a metal surface with equal angles to the perpendicular line (left) geometric
reflection behaviour based on the surface type (right) [17]

2. Refracted light

Refraction is a natural phenomenon of a light wave that bends its path
when it enters from one medium to other with different speed. When the
light passes from a fast medium such as air to a slower medium such as
water, as shown in Figure 2-3, the light ray bends towards the
perpendicular line to the boundary between the two medium. The amount

of refraction inside the slower medium can be identified with a metrics
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known as Index of refraction (IOR), while, each media has its unique IOR.

Thomas Young was the first who invented and used the term “IOR” [18].

Refraction of light
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Figure 2-3: refraction of light ray [19]

3. Transmitted light

Light can be transmitted through transparent, semi-transparent and
translucent materials; moreover, it can be refracted into spectrum light
through these materials based on their colour, Index of Refraction (IOR)
and geometries. From the geometric point of view, the finish and the
internal structure of the material can affect the type of transmission. As
long as the material or the vacuumed medium is irregular, the transmitted
light will be diffused. Meanwhile, if these irregularities are dramatically
smaller, regular transmission will occur with no modification of the

geometry of the transmitted light, see Figure 2-4 [17].

WY

REGULAR TRANSMISSION PERFECT DIFFUSE TRANSMISSION SCATTERED TRANSMISSION
Figure 2-4: geometric transmission behaviour based on the surface type.
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4. Absorption of light

Light absorption occurs when light strikes a material, where, the energy
in the light is absorbed by the atoms of the material then converted into
thermal energy. For instance, white light consists of different frequencies
of the spectrum; red, orange, yellow, green, blue, indigo and violet. When
an object reflects all these lights, it appears in white. However, when an
object absorbs all these colours of light, it appears black. On the other
hand, an object that appears with a particular colour means that the object
absorbs most of the frequencies and only reflects the colour of the object.
For instance, the human eye can see the leaf in green because it absorbs

all the frequencies of light except for green [17].

2.2.2 Light metrics

1. Luminous flux (Unit: lumen or Im)
The luminous flux is the measure of the perceived power of light. It
describes the quantity of light emitted by the source of light [16], see

Figure 2-5.
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Figure 2-5: Sample sketch of light measurements
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2. Luminous intensity (Unit: candela or cd)

The wavelength emitted from a light source in a particular direction on
a unit solid angle and the human eye is the standard model of the luminous
intensity [20]. A solid angle is a two-dimensional angle with units called
Steradians, it can be imagined as a beginning of a point that encompassing
through an area (A) on a sphere with specific radius (r), where the

magnitude of a solid angle is: A/r?, see Figure 2-5.

3. Illuminance (Unit: lux or Ix)
The quantity of luminous flux distributed on a surface. Illuminance is

the most common metric for daylight measurement in architecture [16].

luminous flux (Im)
area (m?2)

Illuminance: E(Ix) = , see Figure 2-5.

4. Luminance (Unit: cd/m?) Candela per meter square
Luminance is the primary lighting parameter that is perceived by human
eye. Luminance specifies the brightness of any surface and dependents on

its physical property (finish and colour) [16], see Figure 2-5.

2.3 Daylighting and solar radiation

On our planet, sunlight is the primary source of light, energy,
photosynthesis and other biological processes. Without sunlight, the
human being can be under risk of diseases and health problems; therefore,
the existence of sunlight is vital for well-being, while it controls the
biological clock and activates of the body functions [4] and it provides us
photochemical ingredients necessary for our lives. Sunlight serves as a link
to the outside world when we are indoors, facilitates our essential

connection with nature and giving a sense of time and our position in that
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daily cycle. Buildings that are made to cover ourselves from the harsh
environment, create filters between us and nature. We do not feel
delighted when we are away from the natural environment. Therefore,
sunlight needs to be controlled and balanced in terms of “sufficiency versus
excess” in order to suit the occupant comfort requirements. Latitude
location influence on the intensity of sunlight, which decreases gradually
from the equator to the poles based on the penetration distance of the
sunbeam through the atmosphere [21, 22]. Daylight in buildings is
influenced by four main factors; geographical location, weather conditions,

seasons of the year and sun attitudes.

2.3.1 Daylighting influence factors

1. Geographical location

The geographical location depends on latitude and longitude of the site,
to assign a specific location [23], which intuitively influences the territory
nature of this location. Recently, the GPS (Global Positioning System) is
used as a satellite navigation system to determine a specific geographical
location. GPS technology was first invented and used by the US military in

the 1960s, then expanded to civilian use in a few decades [24].

2. Weather conditions

Weather condition refers to the atmospheric state in terms of
temperature, wind, clouds and precipitation. New technologies within
specific environmental tools are used to predict the weather forecast up to
10 days, and in some advanced technologies can achieve 14 days as an
ultimate limit. This predictability is studied by professionals and experts in

Meteorologies such as European Centre of Medium-Range Weather
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Forecasts (ECMWF) and Next-Generation Global Prediction System
(NGGPS) in the U.S.[25]. Generally, weather condition can be specified by
the availability of the; sun, clouds, fog, rains, snow and ice which
characterises the climate type of any location, for instance; ‘hot territory,
cold territory, Mediterranean, tropical’, etcetera. Weather condition often
depends on the latitude location of the territory. For computer simulation,
a morphing method has been investigated by Belcher, Hacker and Powell
to produce design weather data for building simulation that accounted for
future changes to climate [26]; meanwhile, Q-Sin method has been
developed by Chow and Levermore to project future weather data [27].
Jentsch, James, Bourikas and Bahaj [28] investigated a “climate change”
weather file tool, to allow the end-user to generate future weather data via
using “Typical Meteorological Year” (TMY) and “EnergyPlus/ESP-r Weather
(EPW) file formats, as a Microsoft Excel output [29]. For daylight
simulation, Climate-based Daylight Modelling (CBDM) is commonly used to
predict the amount of daylight in a space-based weather file data for a

specific location [30]. However, a study found that the accuracy of these

predictions can vary, especially when studying daylighting levels [31].

3. Seasons of the year

Changing between seasons related to solar fluctuations, which influence
on the variation of daytime and night length. Throughout the year the earth
rotates around the sun one full rotation. However, the earth’s spine is tilted
at an angle of 23.5° with its orbital path, which accordingly occurs two
solstices and two equinoxes represented in the four-season. In spring and
autumn on 215t of March and 237 of September respectively, the daytime

and night-time are approximately equal to 12 hours, this phenomenon is
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known as “equinox” which in Latin means “equal nights” where the sun
rays are aligned with the equator at this time. On these days, the earth’s
latitude is equal in light and darkness; thus, every half of the earth receives
equal daytime and night 12 hours for each. In summer and winter on 21st
of June and 21t of December, the ancient Greek observed the movement
of the sun and specified the points at which the stops occurred solstices
meaning “sun stand still”, and we still use their word. At this time in
summer, the daytime is the longest in a year, and the round starts to
revers where the night begins to become longer and the day becomes
shorter going to winter passing through the equinox, as the equinox is the
mid-time between summer and winter solstice. This phenomenon can be
noticed well in the northern and southern hemisphere, where the dates are

reversed [22], see Figure 2-6.

March 21
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&
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Figure 2-6: four season’s diagram [22]

To have a clear idea about the season’s causes, we may imagine that

we are looking down at the Earth’s orbit around the sun from a point high
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above the solar system, as shown in Figure 2-6. The North Pole always
points to the right. When it is the summer solstice, the Arctic Circle receives
sunlight during the entire daily rotating of earth, and the northern
hemisphere receives more than 12 hours of daylight. This area receives a
larger amount of solar radiation in the summer season. On the other hand,
when the winter solstice occurs, the area inside the Arctic Circle becomes
dark, where, the adjacent parts of the northern hemisphere receive fewer
than 12 hours of sunlight, and solar energy levels become very low [22],

see for more illustration, see Figure 2-7.
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Figure 2-7: Earth positions and movement around the sun, for daylight illustration.

4. Sun altitudes

The relationships between the Earth and Sun leads us to understand
why the intensity of the sun’s rays varies from place to another throughout
the year and how the seasonal changes occur on Earth. The directed solar
radiation to the earth is known as “insolation”, and it is the primary source
of energy on our planet. The fluctuations in insolation are the primary

cause of the seasonal variations in temperature which we feel. The real
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factors that cause variations in insolation lie under two significant
phenomena that vary regularly due to the Earth position while our planet
rotates on its axis and revolves around the sun, which accordingly leads to
the duration of daylight and angles of the solar rays. The amount of
daylight influenced by the duration of solar radiation and the sun rays
angles directly affect the intensity of the solar radiation received over a
surface. The intensity and the duration of solar radiation together are the
major factors that influence the amount of solar insolation available at any
location on the Earth.

Therefore, the solar intensity at any location on the Earth can be
determined based on the sun angle with this location. The intensity of the
sun varies from one place to another on Earth due to its spherical surface.
Hence, only the area at the equator can receive right angle radiation, while
the other parts on the Earth should receive oblique angles. Accordingly,
solar energy that strikes Earth surface at a nearly vertical angle receives
more intense energy but covers a smaller area than an equal amount of
solar beam striking earth at a sharp angle [17, 22, 32], see Figure 2-8.
Besides, the oblique rays must pass through a greater distance of
atmosphere than vertical rays; more insolation will be lost on this process.
Lambert’s law is used to determine the intensity of insolation received at
any given latitude, which named for a German scientist Johann Lambert.
On the other hand, the natural phenomenon of light is to expand through
space when originating from its emitting source. Consequently, the
illuminance it produces on a surface decrease by the square of distance
[17]. Therefore, if the surface is not perpendicular to the incident light, the

solar intensity decreased by the cosine of the angle of deviation.
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E = (I/d?) xcosa
In the relation between the Earth and Sun, due to the great distance of
the emitting source, variation is negligible on the Earth’s surface, and the
light beams are considered parallel, which means that:

E = (I)*cosa

~7
(s - 5
\ R/ Sun's vertical rays /
i L’N\/
A 7

Sun's oblique rays

Figure 2-8: solar coverage on Earth [22]
2.3.2 Solar radiation

1. Direct Normal Irradiance (DNI)

Also known as vertical illuminance, it can be determined by calculating
the intensity of direct sunlight perpendicularly over a unit surface (Wh/m?).
It is the visible light which comes from the sun directly, and it comes in a
straight line from its current position in the sky [17]. When Direct normal
irradiance is more than 200% of diffuse horizontal light, the sky type

classified as “clear sky” [33].

2. Diffuse Horizontal Irradiance (DIF)

Also known as horizontal illuminance, it can be determined by
calculating the indirect light from the skydome when the sky is clear or
from the overcast/uniform sky (Wh/m?). It is solar radiation that does not
arrive on a direct path from the sun, but it has been scattered by particles
and molecules in the atmosphere from the skydome, at this case. When

direct normal irradiance is less than 5% of diffuse horizontal irradiance,
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the sky is associated as “overcast sky”, where, the light comes equally

from all directions [17, 33].

3. Global Horizontal Radiation
The total amount of direct normal irradiance and diffuse horizontal

irradiance, measured by (Wh/m?).

4. Near-Infrared (NIR)

Infrared is an electromagnetic radiation (EMR) with wavelengths longer
that those visible light, therefore, it is invisible for human eye. Infrared
radiation is used in industrial, scientific, military and medical applications.
Night-vision devices using active near-infrared illumination that allow the
observer to see any living creature in a total dark conditions. It is also used
to offer accurate information about the composition of materials that can
be used for material identification, quality control, process monitoring, and
many medical applications. NIR is ranging between the wavelength 900-

2500 nm, i.e. just beyond the visible light for human eye.

2.3.3 Daylighting metrics

1. Daylight factor (DF),
It is the ratio between the quantity of daylight inside a room and the
total daylight available outside the room, and this ratio is measured in

percentage (%) [32]. DF can be calculated in the next equation:

Indoor illuminance from daylight

DF X 100%

" Horizontal unobstructed outdoor illuminance

Daylight factor used as an indicator to measure the penetrated light
level inside a room related to the light level outside the room. As long as

the outdoor daylight is always changeable, the interior illuminance will also
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change according to the outdoor illumination, for that reason, daylight
factor will remain constant for such interior [34]. According to Danish
Building Regulations, for working spaces, the window area should be at
least 10% of the floor area and 7% for skylights, it can be calculated as at
least 2% of daylight factor should be provided at the working place [35].
In general, the analysis found that the satisfaction of occupants increased
as the daylight factor increased, which means higher ratings of the daylight
levels. However, a high DF more than a proper level i.e. 5%, can be a
disadvantage which may produce unpleasant glare at the work-surfaces.
DF considered the most widely used measure among the metrics standards

to characterise daylight quality and quantity [31].

2. Daylight autonomy (DA),

DA is used to measure the illuminance level at a certain point
maintained by the use of daylight alone, and can be expressed as a
percentage of the occupied time, either annually or on a month-by-month

basis [31, 36].

3. Daylight glare probability (DGP)

Glare is defined as the notable difference effect of the light within a
visual field due to the presence of bright light sources [37]. Daylight Glare
Probability is the most recent index used to evaluate glare from daylight
[38], and it was conducted by experimental data in private office spaces
involving human test subjects. DGP is considered as a part of the main
climate-based daylighting metrics to assess daylight quality [39] and

establishing adaptive zones [40]. Based on human visual comfort survey
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[37, 41], DG level below 0.35 supposed to be an acceptable level and will

not cause glare to the occupants.

2.3.4 Climate-based daylight modelling

Climate-based daylight modelling is the prediction of various radiant or
luminous quantities such as irradiance, illuminance, radiance and
luminance of the sun and sky conditions, via using a weather data of
meteorological datasets. For instance, Climate-based modelling can predict
the absolute illuminance quantities of a specified building location with a
specific orientation, in addition to the building’s geometry parameters and
material properties [42]. The term climate-based daylight modelling does
not have a formally accepted definition, where, it was first named in a

paper research by Mardaljevic [43].

2.3.5 Daylighting requirements in Architecture

Daylighting is the source of light which comes from both sun and sky,
where the skydome produces diffuse light, which results from the
scattering and reflection by clouds and air humidity in the sky and depends
on the atmospheric conditions [17]. Natural daylight illumination can vary
from 5000 Ix in the heavily overcast sky to over 80,000 Ix in direct sunlight.
These values are significantly higher than adequate indoor lighting
demands [44]. Typical indoor illumination requires an illuminance level of
threshold 500 Ix for workspaces [45], according to the European Standard.

Regarding our thesis study, which focuses on office spaces, Illuminating
Engineering Society of North America (IESNA) [20] recommends 500 Ix of
illuminance level or below [34] at the desk level 0.75 m [16]. Likewise, the

Chartered Institution of Building Services Engineers (CIBSE) [46]
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recommends the illuminance level to remain at range 300~500 Ix as well.
A pilot study investigated 73 office workers and found that illuminance level
can be lower than 300 Ix when the task dramatically depends on screen-
based. When the task involves working on both paper and screen in an
equal base, illuminance higher than 300 Ix is appreciable [47]. The study
indicated an average preferred horizontal illuminance of around 325 Ix for
work on a computer screen, while 425-500 Ix was preferred for other tasks
(reading, writing, forth). For all tasks other than the computer screen, 500
Ix at least is recommended as an average illuminance at the reading task
and 300 Ix at least at the desk level. Furthermore, the overall lighting shall
not be less than 100 Ix at any point, 0.5 m away from the inner walls at
the level of 0.75 m from the floor [34]. On the other hand, a previous study
claims that lighting level between 100~2000 Ix can meet the visual comfort
based on occupants’ survey [45].

It should bear in mind that some studies indicated that some users
might not accept the minimum illuminance level required by most
standards. A review by IESNA [20] revealed that superior illuminance
levels increased based on age and task contrast. Most users preferred 1000
Ix with high contrast and 1800 Ix with low contrast. On average contrast
levels, the younger users less than 50 years old preferred 2000 Ix, while
the older users preferred 5000 Ix. Another study by Begemann [48]
revealed that the average preferred illuminance at the desk level varied
between 1100 - 3000 Ix based on outdoor daylight condition and sky type.
To summarise, most lighting standards require an illuminance level 500 Ix

at least at the desk level in offices for most tasks, including computer-
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based within the range 300 - 500 Ix. In any case, the work plane
illuminance should never be lower than 100 Ix.

In addition to the previous point, orientation, as well as a significant
influence on the building’s, envelop which determined by the positioning of
the building concerning the sun path. Orientation has a substantial effect
on facade’s design and fenestration treatments [3, 32, 49]. Exquisite
orientation can enhance the users’ comfort, improve the building

performance and increase the energy efficiency of the building.

2.4 Daylighting systems

Daylighting systems refer to innovative appliances and technologies
which have been developed to bring sunlight more profound into the
building envelope, while, reducing glare problems and excessive sunlight.
Meanwhile, daylighting systems can be used as a solar shading and glare
protection. Solar shading and glare protection are different functions that
require special design consideration. For instance, solar shading is used to
high intensity and heat gain against direct sunlight, and glare protection is
used as a visual comfort against specular surfaces and high contrast
illuminance [50]. Daylighting systems have been dramatically investigated
in combination with automatic control in order to improve their
performance [15, 51]. The number and kinds of worldwide publications
about the automated daylighting system in the last 30 years are shown as
a statistical survey in Figure 2-9. The statistical survey was done by using
the keywords “daylighting systems” and “automatic control” in different
research engines. Meanwhile, 80% of these automated daylighting
systems are “blinds” basis, due to their feasibility and ease of use.

Furthermore, it has been found that up to 50% of electrical energy saving
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can be achieved by using such automated blinds systems in general
buildings [52]. Accordingly, such systems have been improved in order to
enhance the daylight in the deep interior of buildings [53]. Generally,
Daylighting systems consist of static [51, 54] and dynamic elements [55]
allocated onto or near a building’s facade to collect and redirect daylight
into the building [12] to improve daylighting performance, increase visual
comfort and save energy.
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Figure 2-9: (top) the annual number of publications between 1983 and 2018, and (bottom) the count of publications
each type about using automation control with the daylighting system [3, 8, 12, 49, 52, 56-134]

Previous studies by Littlefair [54] and Mayhoub [75] investigated more
than 30 types of innovative daylighting systems, which can be divided into
three main categories: Light Guiding System (LGS), Light Transporting
System (LTS) [32, 135] and fenestration system (FS). LGS is based on
mirrored surfaces which can reflect and redirect sunlight to the back of the
room, where, daylight is probably dim, and sunlight cannot reach this deep
area with only typical windows. However, LTS is based on reflective optics

which can collect, transport and distribute sunlight to inner, isolated and
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windowless zones, with no access through windows or skylights. FS is used
to protect from outer climate fluctuations such as wind, rain, temperature,
direct sunlight and simultaneously, keep the visual connection between the
indoor and the outer envelope. Furthermore, they can control the
penetration of daylight and heat gain inside the building. These types of
daylighting systems can be used to enhance the performance of daylight
in the building envelope and to control the intensity of direct sunlight. The
following are a list of Light guiding system, Light transporting system and

fenestration system as daylighting systems.

2.4.1 Light Guiding Systems

Light guiding system is often mounted at the upper part of a typical
window and uses static or dynamic devices such as light shelves, movable
mirrors [136], optical louvre system, anidolic solar blinds, prismatic panel,
etcetera. These well-known daylighting systems can directly reflect

sunlight into a deep plan room.

1. Optical louvre system
Optical louvre system is a commercial product, also known as a light-louvre
daylighting system, consists of 65 mm aluminium slats, vertically
scattered, concave up, polished mirrored material (approximately 85%
total visible light reflectance). The louvre designed to redirect incident
sunlight onto the ceiling and simultaneously provide shade below head
height and protect from potential glare. The system is static, required no
adjustment and completely obstruct views to the outdoors. The system

usually installed at the upper part of the window [137], see Figure 2-10.
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/

Figure 2-10: Optical Iouvrc-; a:;).;lighting system [132]

2. Light shelves [138]

A light shelf is a kind of louvre system utilised to redirect sunlight that
hits its surface deep into the building space towards the ceiling [139, 140].
This light strikes the ceiling works as a source of diffuse light to the room.
Light-shelves can be used as a flat shape and curve shape. However, the
curve shape is capable of redirecting the sun rays in multitude angles, with
any solar altitude or azimuth. Daylight near the windows depends more on
the light coming from the skydome. However, the daylight level at the back
of a room depends significantly on the internally reflected daylight [56,

141], see Figure 2-11.

Figure 2-11: side view — light shelf perfor:nance [142]

3. SunCentral
SunCentral is a Canadian system, which had been announced to the
market in 2013. The system can deliver sunlight into the interior by using
an array of slats mounted horizontally as a canopy at the roof level [135],

consists of a set of lenses and mirrors which capable of tracking and
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concentrating sunlight. The light is then deflected into a prismatic dual-
function light guide spreading above the building interior [143]. The
mirrored slats are used to reflect the sunlight into the luminaire and can
distribute the light up to 15 m inside the building using highly reflective
films, see Figure 2-12. SunCentral system can provide a maximum level

350 Ix of light based on 1.5 m centre spacing and 100,000 Ix reference

input illuminance

' n

Figure 2-12: SunCentral [135]

2.4.2 Light Transporting Systems
The light transporting system uses a different process, which is more
complicated; a collector device to collect the sunlight, then transport it in

specific reflectors, and finally distribute it inside the room [135].

1. Sun pipes

Sun pipes can deliver longer distance of light based on its diameter, the
bigger diameter of sun pipe; the longer distance it can deliver. The inner
core of the sun pipes consists of fibre optics or glass core tapers. Sun pipes
can be used within most of LTS, see Figure 2-13. Sun pipes can provide
illuminance levels between 80~600 Ix based on several factors such as,
the delivery length, reflectivity of the pipe, diameter, the quality of the

fibre optics, solar intensity, sky conditions and other technical factors
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[144]. This could be a drawback of such a system while its performance is

entirely influenced by the sky conditions and solar fluctuations.

Figure 2-13: sun pipes

2. Fibre optics

Fibre optics or (optical fibre) is a flexible, transparent material made of
silica or plastic, and its diameter is thicker than the human hair. Optical
fibres are used in communications, while they can do longer distances and
higher performance than electrical cables, with no electromagnetic
interference. Optical fibres are also used as a means to transmit light
between two ends of a fibre [145]. Therefore, they can be used for
illumination and imaging, while, they are often wrapped in bundles so they
can transmit a significant amount of light, see Figure 2-14. A transparent
cladding material covers the fibre optics core with low IOR. Transmitted
light is kept in their core by the characteristics of total internal reflection,

which accordingly act as a waveguide [145].

High index
core

Total internal
reflection

fiber

Law indesx Individual fiber

coating

Figure 2-14: Fibre optics; shape (left), reflection process (right) [146]
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3. Parabolic trough

The parabolic trough is used as a way to collect sunlight and concentrate
it into a single optical fibre through a flat mirror [147], see Figure 2-15.
For the sake of light transmission, optical fibres were utilised. In the
reflection process, most of the light potentially lost through the outer
surface of the optical fibre. Therefore, most of the light will not be able to
reach the parabolic reflector. The parabolic trough was used for solar
thermal applications to produce energy rather than daylight because it
requires a minimum number of concentrators to produce uniform

illumination performance [148].

Incident sunlight —>

Parabolic reflector

Linear array of | L[| TS
optical fibers Q | [ TR
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Bundle of optical —=———]"+. |
fibers s

Figure 215 Parabolic trough [148]

4. Himawari solar lighting system
The Japanese Himawari system is considered to be the first commercial
fibre optic daylighting system since the early of the 1970s. Himawari
system consists of a sun-tracking device capable of reacting to the sun
movement to capture direct sunlight during the daytime. The incident light
is focused through a significant lens known as “Fresnel lens”. The Fresnel
lens is a reduced amount of material compared to a conventional lens, in
which, its lens is divided into a set of concentric annular sections [149]. An
ideal Fresnel lens would have infinitely many such sections. In each

section, the overall thickness is decreased to be aligned at one level
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compared to an equivalent simple lens, see Figure 2-16. The continuous
surface of a standard lens is divided into a set of surfaces of the same
curvature, with gradual discontinuities between them. The Fresnel lens
capable of capturing more oblique light from a light source; thus, the light
emitted from a lighthouse can be visible over greater distances [148].
The transmitted light through the Fresnel lens is only the visible light,
which then concentrated into the optical fibres. Himawari system has two
series of models with a different number of lenses and optical fibres, which
exhibit low losses during light transmission [144, 148], see Figure 2-16. It
can deliver luminous flux between 3840 Im to 63,360 Im according to the

number of lenses under a direct sun with illuminance of 98,000 lux [75].

INFRARED:
RADIATION
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Figure 2-16: Himawari system (left), Fresnel lens (right)

5. Parans lighting

A similar concept is used by the Swedish Parans system that produced
the first commercial product in 2004. After that time, three generations
have been developed; all of them consist of an array of small Fresnel
lenses, which can track and collect daylight, see Figure 2-17 [75]. The
collected light is transmitted to a bundle of fibre optics up to 20 m length
as a guide to be distributed inside the interiors by various types of custom-
designed luminaries [150]. Total output flux of Parans system is around

4600 Im under direct sunlight of illuminance level 130,000 Ix [75].
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Figure 2-17: Parans system light collector [135]

6. Sundolier

Sundolier is an American manufactured daylighting system; it is a light
collector of 0.6 m diameter, which collects daylight by using a set of mirrors
that can track and concentrate sunlight, see Figure 2-18 [75]. The collected
daylight is distributed to indoor areas using unique in-room fixtures. The
system has been used in many building types since founded in 2004. The

Sundolier can deliver up to 100,000 Im of light.

Figure 2-18: effect of sundolier indoor (left), sundolier shape (right) [135]

7. Heliostat

Heliostat is mainly produced to collect sunlight by using a set of
reflectors and lenses, which accordingly sent into building core via vertical
voids. A custom-designed set of mirrors can be used to distribute the light

inside the building envelope, see Figure 2-19 [151].
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Figure 2-19: Heliostat systm [135]
8. Sunportal
Sunportal was developed by a South Korean team in 2012. It captures
the sunlight by the aid of the Heliostat with a reflector and concentrator.
The collected light travels through a series of optical lenses providing
transmission rate up to 200 m length and it can deliver illuminance level
between 80~500 Ix of light. A transparent tube diffuser is used to

illuminate underground spaces [75], see Figure 2-20.

Figure 2-20: unportal system [75]
2.4.3 Fenestration systems

1. Skylights

Skylight refers to the apertures in the roof of the building, which can be
fully covered with structural glazing or part of it as an orifice to the sky for
daylighting purpose, see Figure 2-21. Skylights serve to reduce the

necessity of electrical light inside the buildings; furthermore, they usually
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employed for the sake of decoration as an architectural concept to

emphasise a specific space such as entrances, domes and main halls.

Figure 2-21: skylight shapes

2. Lightwell

Lightwell is mainly used to provide a vertical or narrow volume of space
with natural light. In some kinds of buildings, it is used to allow air and
light to reach the buildings’ envelope. Lightwell can be opened or covered
with structural glazing, glass bricks or translucent glass to increase the
reflections and provide diffuse light, see Figure 2-22. Studies found that
lightwell is only efficient in the upper 2 floors of buildings to achieve the

threshold of light level 300 Ix of 93% of daily hours during the year [152].

1%l
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Figure 2-22: lightwell shapes

3. Glass brick or Glass block
Glass block is a common element in architecture made of a customed
shape of the glass. Its appearance can vary in colour, size, texture and

form. Glass bricks have significant function while it can provide visual
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obscuration while providing light. The origin of glass block was developed
based on prism lighting principles since the 1900s, aiming to provide
natural light to the buildings. Recently, glass blocks can be used in walls,

partitions, skylights, and sidewalk lights.

1
.

Figure 2-23: glass bricks shapes

4. Prismatic panel

The prismatic panel consists of a bundle of small prisms placed side by
side in a serrated shape revealed in one side [153], likewise the Fresnel
lens [148], however, Fresnel lens capable of redirecting light to a specific
target. The prismatic panel mainly used as a dispersing tool to provide
diffuse light by its significant property of scattering the daylight. It has
several shapes such as pyramid shape, leaner shape, plated film [154],

and it has also been used as louvre shape [155], see Figure 2-24.
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Figure 2-24: Prismatic panel
5. Perforated sheets and Mashrabia
Refer to any light-transmitting screen that incorporates semi-

transparent material. They are patterned in variable materials, assembled
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in a specific design or sculptured on its surface to create geometrical
shapes of systematic apertures based on a specific design. These kinds of
screens can allow limited penetration of incident sunlight due to its small
orifices. Penumbra effect plays a vital role in such systems while it can

provide an adequate amount of daylight [156], see Figure 2-25.

Figure 2-25: shapes of perforated sheets and Mashrabia

6. Double skin facade

DSF is an addition of an extra screen layer in front of the building’s
facade, used as a cavity to improve acoustic isolation, solar control,
enhance daylighting performance, airflow path, facade maintenance and
additional insulation in cold and hot climates. The cavity can be ventilated
naturally or mechanically and can be coupled with a ventilation system.
The double skin facade can also be used for several functions such as PV-
sells, phase change materials to reduce thermal fluctuations or even as a

design concept by using second screen pattern [157].

Figure 2-26: examples of double skin facades [157].

36



PhD thesis by Ahmad Eltaweel, 2019 Chapter 2

7. Advanced glazing

All types of windows which can change their phases to respond to the
ambient fluctuations such as Electrochromic and Thermochromic windows
[158]. These kinds of windows can control the transmission of solar
radiation [159] and play a crucial role in improving daylight performance
inside the buildings [76], besides, to reduce heating and save cooling
energy [160]. They can also be used in the interiors for privacy and

decoration sake.

8. Self-cleaning glazing

Self-cleaning glazing is a thin-film that can be attached to the outer
layer of doors and windows products, therefore, they are adapted to afford
the outdoor climate changes. It has the ability to withstand dirt and
maintain clean overtime, accordingly, self-cleaning products require less
maintenance compared to ordinary windows and doors. Hence, these
products may lead to increase the solar energy utilisation and thus improve
energy performance and users comfort [161]. The capability of self-
cleaning can be achieved by photocatalytic reactions within a titanium
dioxide (TiOz) thin film coating. For the cleaning operation, the thin film
must be activated, which occurs by exposure to daylight/UV radiation (for
about one week for full activation), where the TiO. reacts with the oxygen
and water molecules in the air and produces free radicals leading to
oxidative species [162]. When dirt or dust sticks to the window surface,
the UV radiation causes oxidative species that results in photo-generated
electrons and holes, where, electrons will reduce oxygen in water and holes

will oxidize the organic matter, thus remove the dirt and dust [163], see
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Figure 2-27: Self-cleaning process, (a) a smooth surface, where particles are just redistribute by water droplets, (b)
a rough surface, where patrticles stick to the water droplets and removed from the surface [164].

9. Infrared (IR) and near-infrared (NIR) coating technology

Solar radiation that reaches the earth surface is divided into three parts,
the ultraviolet (UV) of region 5%, visible light of region 46% and near-
infrared (NIR) of region 49% [163]. Therefore, an efficient coating that can
absorb the visible light range, and simultaneously, reflect the near-infrared
range of solar radiation [165], in order to mitigate the heat gain inside the
building. Generally, it is so-called, near-infrared reflective coating. The
coating is created of metal oxide nanoparticles [166], and it can be
optimised via manipulating the pigmented coating by controlling the size,
volume concentration of pigmented particles and coating thickness, to

increase its reflectivity, meanwhile, minimise its visibility [167].

10.Venetian blinds & roller shades

Venetian blinds consist of a bundle of slats deployed vertically in a
parallel direction; likewise, the roller shades; however, the latter deployed
in a plain shape. Both systems can be installed at the upper part of the
window, over its frame or between double glazing. Venetian blinds and
roller shades are the most common shading tools used as indoor blinds.
They are primarily used to prevent the penetration of sunlight inside the
indoor. They have many shapes, dimensions and materials; furthermore,

they can be controlled manually or automatically, see Figure 2-28.
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Figure 2-28: Venetian blinds and roller shades

11.Louvre

The Louvre is a bundle of slats usually installed over the buildings’ skins
in different scales, directions and dimensions. It consists of scattered slats
in relatively bigger size and rigid material in order to afford environmental
factors and climate fluctuations. They usually used to protect from direct

sunlight and in other cases used for daylighting control, see Figure 2-29.

RIPVF 1011

12.Photo-bioreactors (PBR):

Photo-bioreactors are based on organic materials (algae). PBR system
consists of transparent containers using the development of flat panel to
uplift Bioreactor, in which air bubbles rise inside the cavity creating strong
turbulence which helps the algae growth. The shading factor of this system
depends on the density of cells. The system represents an adaptive and
interactive shading system; during times of high solar radiation, the
density of the cells increases, blocking the light and providing shade. In
contrast, light transmission can be increased by an intensified harvesting

process [3], see Figure 2-30.
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Figure 2-30: photo-bioreactors shapes

The utilisation of biochemical process represents on Photosynthesis
which generates biomass by absorbing daylight and CO,. Therefore, trees
and plants are used in landscaping as smart shading devices. Higher plants
go through a relatively slow yearly cycle, but micro-organisms such as
algae respond to changing conditions within hours. Hence, micro-

organisms can be utilised to provide shading to the buildings [168].

13.Biomimetic system

Going to the same concept of exploiting daylight with bioreactor
systems. A biomimetic system approaches bio-functional tuning,
adaptability phenomena and bio-optimal control. Biomimetic dynamically
responsive self-adaptive material (i.e. glazing) feature to the radiation
spectra changes as a biological design search aimed to optimise solar
radiation and daylighting. In architecture, biomimetic is a contemporary
philosophy of architecture looking for natural, sustainable life, not only by
iterating the natural forms but by understanding the rules governing those
forms in order to adapt with the outer circumstances. It is an
interdisciplinary approach to sustainable design that follows a set of
principles rather than stylistic forms; in other words, “form follows

function”. It is part of new movement known as biomimicry, which is the
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examination of nature, its morphology, systems, rules and process for the
purpose of gaining inspiration from the nature for adaptation and
responsiveness with climate fluctuations and sun movements in order to

improve/increase the use of daylight [3, 169, 170], see Figure 2-31.

Figure 2-31: Showing Biomimetic system; inspiration from nature for daylighting purpose [21].

2.5 Parametric design

In architecture, all design aspects and their dimensions can be
considered as parameters, such as location, orientation, shape,
daylighting, solar radiation, and so forth. In the conventional way of
design, once an initial model has been created, and if the designer wants

to change any parameters, the whole process has to be repeated, which
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considered time-consuming. In contrast, the parametric design can
efficiently amend and improve the design process by integrating and
coordinating design components simultaneously. Therefore, any change,
modification, editing or developing will be automatically updated in the
model. This parametric process works as a “short cut” to the final model
[123]. A graphical comparison between the conventional approach and the

parametric design is shown in Figure 2-32.
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elements design and
model

Shortcut
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elements ’ def‘;?)lzlea:nd development =P Final Model
Time consum
Data

Figure 2-32: Comparison diagram between parametric design process, and conventional ones, showing the
difference in time-consuming.

The process of any conventional design within a project goes through
several stages, where changes, editing or developing are conventional
processes, and these processes could be iterated till achieving the optimum
design and best solution. However, for big and complex projects, these
processes will be more sophisticated. Accordingly, dealing with these
complicated relations will be money and time-consuming. Therefore,
parametric design approach can be a vital solution for this kind of project
which can work as a coordination tool, in order to facilitate the relationship
between different disciplines, and deal with the modifications smoothly
with no need to iterate the whole process of the project [171], because,

all parameters and elements are connected parametrically.
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2.5.1 The origins of parametric design

Daniel Davis, a researcher in the technology of the building industry,
RMIT University, his PhD was about computational design; wrote a thesis
about Parametric Origins titled as “A History of Parametric” [172]. He
claimed that the term parametric originates from mathematics, and the
first use of this word is not known. Another researcher, David Gerber
[173], claimed that Maurice Ruiter, who is firstly used this term in his book
in 1988, which titled as Advances in Computer Graphics III [174]. In the
same year, mathematician Professor Samuel Geisberg founded the PTC
(Parametric Technology Corporation) [175] and created the first
parametric modelling software; Pro/ENGINEER, which is an integrated
CAD.CAM/CAE solution, and was the first rule-based constraint applied
software used nowadays in mechanical design in many companies [176].
In 1978, Hillyard and Braid [177] created a system that could combine two
parameters simultaneously, such as dimensions and tolerances in order to
design mechanical components, which could be considered as a parametric
approach. On the other hand, Robert Stiles argued that the first
appearance of parametric concept was earlier in 1940 by Luigi Moretti in
his book Writings of Architect [178] who wrote extensively about
parametric architecture. However, Daniel [179] found that there was also
an earlier example; James Dana 1888 who was using the language of
parameters, variables and ratios to define general steps to draw a range
of crystals, which explained in his paper On the Drawing of Figures of
Crystals [180].

Moretti defined parametric architecture as a study of architecture

system which aims to define the relationships between the dimensions that
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depend on various parameters. He used an example of a stadium to explain
how the stadium’s form can be divided into nineteen parameters,
considering things such as viewing angles and economical cost of concrete
as shown in Figure 2-33. His parametric stadium was presented in an
exhibition at the Twelfth Milan Triennial in 1960, as part of his Parametric

Architecture work [172, 179].

Figure 2-33: A model of the stadium by Luigi Moretti, exhibited at the 1960 Parametric Architecture exhibition at the
Twelfth Milan Triennial. The stadium derives from a parametric model consisting of nineteen parameters (left). The
plans of the stadium (right) [178].

2.5.2 The principle of parametric design

The term parametric refers to using specific parameters or variables
and primarily originates from mathematics, and so, can manipulate with
the equation results. Where the relationship between the design elements
is shown as parameters which could be reformulated to generate complex
geometries, these geometries are based on the elements’ parameters, by
changing these parameters; new shapes are created simultaneously.

A former Architect, Antoni Gaudi, investigated the design space using
analogue models; then he used modern integrated systems in his designs
[181]. As well, the modern Architecture of Zaha Hadid used integrated
design systems and parametric approach to solve her complex
curvilinearity and fluid forms, see Figure 2-34 [182]. Recently, there is a
clear relationship between the parametric term and Computer-Aided

Design (CAD) [183], which, facilitate the ways to draw a geometrical model
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with specified dimensions and parameters. However, if we need to modify
a specific element in the model; it will change only the parameters of this
element independently regardless of other design elements. For instance,
when changing floor height of a building, we will modify the extrusion of
the wall; however, other related parameters such as doors and windows
will nheed to be modified as well in order to match the room height.
Accordingly, this process will be iterative and time-consuming when
dealing with a complicated model. On the other hand, these modifications
process can be performed simultaneously, by connecting the model
elements in an algorithmic relation known as “parametric design”.
Therefore, parametric design can be considered as an advanced version of
the CAD system, based on “Generative Algorithms” that can explore design
and algorithmic solutions through formulas rather than using standard

geometries.

Figure 2-34: Domyirnation office building (left), London Aquatics Centre, 2005 (right)

2.5.3 Parametric design as a software
Parametric design software are newly revealed in 2008 and developed
by many software developers such as; Catia, 3D Maya, 3D MAX, Revit,
Grasshopper based on Rhinoceros 3D, Dynamo, Generative Components,
Marionette, and Modular. However, among all these software,

Grasshopper, is the most common software used as a parametric design,
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while it can involve different plugins in several fields; such as architecture,
urban, structure, environment, mechanical/civil engineering, acoustics,
medicine, fashion, decoration and many other disciplines. For instance,
“ladybug and Honeybee” [184] are plugins in Grasshopper help to create
comprehensive environmental data for any specific location [185], and
these plugins can interact simultaneously. On the contrary, other software
packages do not provide the necessary components and connections for
the creation of a homogeneous workflow as smooth and fluid manner as
Grasshopper [186]. Although Grasshopper can deal with many parameters
by using a low-performance computer, however, it may take (2-5 min)
longer time than 3D MAX in rendering complicated geometry.

Generally, Grasshopper can provide full control, easy manipulation and
accurate results of the model’s elements by defining form-generating
components, which can be optimised through with simple scripting or the
use of sliders and mathematical expressions [98]. Grasshopper interface
consists of components known as capsules, and they are connected as a
canvas in order to build the formula of Grasshopper, and this formula
consists of sliders. Changing these sliders influence the whole functions
and geometries simultaneously, which can be observed in the Rhinoceros
window. Grasshopper has a significant characteristic in optimising the
results; a component is known as “Galapagos” is used to optimise, filter
and analyse between multiple parameters to achieve the optimum result,
via finding the minimum or maximum solution based on the designer
needs. Many researchers used the method of optimization to find better
solutions, such as Pratt and Bosworth [187] in order to get the best

performance of a shaded window in their building.
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2.6 Implementations of parametric design in general fields

Nowadays, parametric design is used in many fields and disciplines,
which consists of complex algorithmic relations, interdisciplinary work,
creative forms, and multiprocessing treatments. It is not easy to control
these operations using conventional tools or imagine them using our
minds, so it is needed to use complex operating systems, parametric tools,
and specific software. Due to this advancement in our life, we can find
many implementations of parametric design in many fields like;
decoration, fashion, architecture, urban planning, sonic study, structural

analysis, medicine and so on.

2.6.1 In urban planning

Parametric design can provide several alternatives in a wide range of
design, while it gives distinctive results in the iterative design process, and
these results can hardly be obtained using conventional methods. The
discrete method of problem-solving can deal with multiple layers in urban
design case by saving time in writing the formula and coordinating between
these layers. For example, the pedestrian pathway in a previous study
[188] was chosen to determine the connections between the project’s area,
putting into consideration the smaller buildings which block the visual
connection on the streets. The sliced landscape was used to divide the
pedestrian circulation into patterns. The formula created in this study
conducted by Grasshopper aimed to determine the shortest pedestrian
pathway, as shown in Figure 2-35. Mohamed and Khalid [189] investigated
using parametrical methods to achieve more responsive environmental and
sustainable urban morphology concerning human comfort values, such as

wind study, solar envelop and daylight availability.
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Figure 2-35: The shortest solution for the pedestrian pathway via using optimisation method (Galapagos) in
Grasshopper [188]

2.6.2 1In architecture

Parametric design can generate creative shapes, deal with sophisticated
relations and control them parametrically, and it utilises parameters to set
relations between design elements in order to define a range of formal
alternatives. Moreover, the parametric design provides a comprehensive
exploration of multiple solutions to general design issues using algorithmic
methods. Therefore, the parametric design provides vast opportunities to
utopian architects to generate creative solutions in the design process

[190, 191], see Figure 2-36.

2.6.3 In decoration

Parametric design provides creative forms, iterative dynamic shapes
which are inspired by nature, and depends on algorithmic connections.
Moreover, it can create unlimited options of modular forms based on simple

elements, via adding parametric modifiers, see Figure 2-37.

2.6.4 In fashion
Nowadays, parametric design is used in a wide range of design fields,
because it provides new unpredictable ideas with future styles, as shown

in Figure 2-38.
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2.6.5 In acoustics
Parametric programs can be used in sonic studies to calculate bounces,
cast multiple rays, calculate flow paths down a sloped surface like water

runoff [192], see Figure 2-39.

2.6.6 In structure study

Parametric design can calculate algorithmic formulas and manipulate
complex connections and create sophisticated relations with many kinds of
materials, as shown in Figure 2-40. An example of a spiral building was
investigated in previous research [193] to study the structural system
design. Diagrid system was chosen for this building according to the
advantages of this shape [194]. The parametric method was applied to this
building to specify deflections and material behaviour. This study was done
by analysing the algorithm, which concluded that spiral columns are no
longer needed, and beam profiles can be smaller than slandered ones,

additionally, they can be replaced by spring beam system, see Figure 2-41.

2.6.7 In environmental study

Parametric programs can study and analyse all climatic and environmental
changes such as sun movement, date, location, intensity, humidity,
illumination, radiation, wind, heat gain, shadows, shades, and control them
parametrically. Also, it can make simulation in the 4t dimension using the
time aspect which can influence on the building in real-time, and how the
time can change the performance of the building parametrically. So we can
anticipate and solve many design issues at the early stages of design [21,

195, 196], see Figure 2-42.
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Figure 2-36: Architectural models created based on parametric design [197], (bottom right designed by Ahmad
Eltaweel).

Figure 2-39: Reflected rays calculated in “Sonic”, a plugin based on Grasshopper [192]
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Figure 2-42: sun path and daylight analysis, Grasshopper.
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2.7 Daylighting systems control via parametric design
Advanced daylighting systems can be exploited to engage with
architecture to improve building environment and enhance buildings’
energy performance [129]. Architecture has become more vivid as it has
been redefined with different descriptive features such as smart [128],
green, sustainable [112], passive [204, 205], active [136], dynamic [206]
and adaptive buildings [21], while all these characters are directed to the
same target; comfortable, healthy and economically-viable environment.
In order to achieve an energy-efficient adaptive building, innovative
daylighting systems along with parametric design based on Building
Information Modelling (BIM) should be essential tools to control indoor
performance with responding to outdoor conditions. The context of
architectural practice, parametric design and innovative daylighting system

can help to improve building performance for higher energy efficiency.

2.7.1 Louvres design

Louvres design were investigated in previous researches [195] using
the parametric approach by exploring all possible screen configurations in
daylighting [207]. The method was done by using a parallel computing
algorithm that allows a better understanding of the effect of the louvres
parameter and their interaction on daylighting performance. These
parameters consist of louvres count, louvres depth ratio, tilt angel, window
to wall ratio and reflectively, which were connected parametrically to give
1600 items, and they are divided to 200 groups as shown in Figure 2-43.
The process was working in a parallel simulation by linking Grasshopper
with Radiance through “Diva” plugin, which used to generate Radiance and

EnergyPlus interface engines [208].
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The study summarised that increasing the louvres count from 3 to 10
leads to a decrease of sDA (spatial Daylight Autonomy) from 40% to 30%
respectively, at 30% Window Wall Ratio (WWR) with 1.5 depth ratio.
However, the sDA decreased from 76-61% at 50% WWR with the same
depth ratio. However, when increasing the depth ratio from 0.75 to 1.5
with 20% WWR, the sDA decreased by 40%, but this decline diminished
as WWR increased till it disappeared at 60% WWR where sDA reached the
highest value of 100%. In general, louvres count was found that they have
no remarkable influence on the sDA with relevant to the louvre depth ratio,
which relatively has more impact on the sDA. The utility of this study is
that all parameters were explored in all screens; thus, the evaluation of
the experiment was practical, and the classification for the parameters was
accurate via identifying the optimum solution. However, the disadvantage
of studying many parameters together did not achieve accurate results for
the overall performance, so it would be better to study each parameter

individually while fixing the others.

A=-20 A=-10 WWR= 20% WWR= 30%
A=0 A=10 WWR= 40% WWR= 50%
A= 20 WWR= 60%

Figure 2-43: the louvre parameters. A= screen tilt angle, WWR= window to wall ratio [195]

El-Sheikh and Gerber [209] also instigated louvres through studying the

design of intelligent building skin and its impact on daylighting
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performance, using the parametric approach. The method of this study is
done by using Grasshopper, Rhino, Diva and Galapagos as parametric tools
to control and design exploration of semi-autonomous and fully
autonomous configurations of an exterior building envelop louvre system.
The system was created to respond to the daylighting conditions and
occupants’ performance. The study summarised that daylighting
performance was improved in the interior spaces putting in consideration
the occupants’ preferences and building’s requirements, and using the
automation of independent tilt angles can improve the Building Intelligent
Skin system to two times better than a conventional system, concerning
daylight harvesting.

Sjarifudin and Justina [210] as well investigated automated louvres by
using a new kind of design method called parametric camshaft. The method
of this study is done by simulating a workspace in Jakarta with a variation
of shading angles aiming to provide sufficient daylight inside the
workspace. The study summarised that the occupants’ visual comfort could
be achieved by varying the shading opening angles between 15° and 75°.
However, Jaepil, Taekyoung, Euisoon and Gensong [207] using parametric
louvres in their study to optimise the thermal performance in the building,
by analysing the best adjustment for the louvres. The study investigated
the louvres’ performance from three aspects; the distance from the
glazing, the louvre’s depth and the louvre’s tilt angle. The simulation of
this study was conducted using Rhinoceros, Grasshopper, Ecotect and
Galapagos. A recent literature by Maria and Aris [12] investigated dynamic
and automated shading systems, using sensor points and controlled

algorithms which responding to the sun moment and weather conditions.
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The review concluded that the most popular automated system and
motorised Venetian blinds could achieve 20% and 50% in energy saving

for cooling and lighting respectively, comparing to conventional louvres.

2.7.2 Skylight design

A study by Goncalo, Jose and Vitor [21] investigated responsive skylight
system aims to create a skylight system that responds to environmental
conditions and internal functional demands. The system uses three
aspects; location, time and sky conditions. This paper studied the process
to control daylight dynamically, using a Tetra-Script pavilion prototype,
which targets to provide adequate illumination and low visual contrast. The
experiment was conducted parametrically using an environmental software
analysis to generate criteria to evaluate the results. The model was
responding to the sun in a Heliotropic response, which is a natural
phenomenon of some species of plants that follows the sun movement in
order to receive more sunlight, such as the snow buttercup. The
automation of this experiment was done parametrically using Grasshopper,
and the configuration of the pavilion is determined by a small set of
variables including basic room, tessellation and texture were the static
adaptions, and the aperture degrees of the skylight panels adapted

automatically [211], see Figure 2-44 and Figure 2-45.
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Figure 2-44: the controlling process using Grasshopper [21].
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Figure 2-45: The Tetra-Script pavilion concept, controlled parametrically [21].

The calculated results by using the interpolation method revealed an
approximate illuminance error between 4.3% and 7.3%, which considered
low as an accuracy aspect. The parametric design system used for the
generation of skylight configuration can be applied to any pavilion shapes,
with other geometries, at any location. Configurations of daylight
performance in real-time consider as an advantage of the responsive
system [212]. The full results of the study were stored in a database, which
contained daylight simulation, heuristics, apertures values, and the best-
case worst-case situations. This database can be used to determine the
aperture of the skylights that provide the required illuminance and
resulting visual contrast value.

Further research made by Michela, Peter, Axel and Rudi [205] who also
investigated the performance-oriented of a large roof structure for semi-
outdoor space. The study aimed to enhance the environmental
performance of the space in the early stages of the design process, in
addition to studying passive solar strategies that reduce the need of
imported energy via analysing the daylight and thermal comfort. The study
used parametric geometry to generate design alternatives, and the
exploration performance was studied using a parametric tool called
“ParaGen” which is a plugin in Grasshopper capable of studying structural
system and their form performance criteria using genetic algorithms [213],

see Figure 2-46. The research summarised that in order to achieve passive
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strategies for thermal comfort; the temperature should be decided by the
physics of the form instead of building engineer, besides the location of its
mass, size, the orientation of the openings, and shading in order to achieve

zero-energy space [214].

GENERATE EVALUATE
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INPUT: PARAMETRIC MODEL OUTPUT: GEOMETRY AND ANALYSIS RESULTS (online)
Figure 2-46: The ParaGen plugin cycle [205].

The study found that the lowest ratio between the yearly incident solar
radiation and daylight factor was around 3.5 times smaller than the highest
ratio. Accordingly, this parametric software was utilised to search for the
optimum opening settings, and better energy-related aspect, which
resulted in a successful potential based on the case study. The study
summarised that parametric design approach could provide full control to
deal with complex geometries, which offers clear visual interface as well as
a wide variety of different scripts. Furthermore, increase the versatility of

the design process, which gives further variations of the geometric models.
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In the same issue, M. Turrin, E.Van, A.Kilian and S.Sariyildiz [215]
investigated using parametric design to improve the performance of a large
span roof in Bologna. The study aims to exploit the use of renewable
resources in the site by reducing the summer overheating, enhance the
daylight and provide proper ventilation to the project. The parametric
design here was employed to manipulating with the structural morphology
of the building by controlling the apertures based on a variety of size and
distribution, in order to meet the requirements of passive building. The 3D
geometry of the structural roof consists of ETFE pneumatic modules, which
is controlled by a movable layer adjusted to three positions, where the
closed position provides an opaque state, and open position can allow the
light to penetrate between patterns [216, 217]. The study found that to
achieve the best balance between a low solar factor and a high daylight
transmission; the apertures opening angles should be between 60 and 70
degrees, which conducts approximately 30% of solar energy transmission
(G-value) which was the best-measured value to improve thermal comfort
in summer.

Patric, Paul, and Kera [218] suggested multiple designs of an atrium at
the University of Massachusetts in Lowell in order to lit the building floors
and bring daylight deep into buildings’ spaces. They used the parametric
approach in design processes such as Diva for Rhino and Grasshopper. The
methodology of the study depends on using reflective systems to exploit
the daylight and bring the light into the building’s interior surfaces, by
analysing many systems techniques used in different buildings as shown

in Figure 2-47.
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The reflective systems used in this study is a paring of two main

Figure 2-47: Different types of reflective system design [218].

daylighting techniques; the first is a large north-facing window as a source
of diffuse light, and the second is a south-facing mirrored reflector hung

within inside the atrium skylight as shown in Figure 2-48.

Figure 2-48: daylighting redirecting strategies at University Crossing [218].

Jong and Bharat [219] proposed an innovative technique to lit a
gymnasium hall in Korea, which is parametrically bio-inspired by
superposition compounds eyes of animals [220, 221] which can absorb a
wide range of light better than human eyes. The system consists of
reflecting superposition optics which can capture and distribute daylight
inside the building dome structure, furthermore, it can respond to the sun
movement. The proposed biomimetic model was designed parametrically

via using Rhinoceros 3D and Grasshopper. The roof surface of the
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gymnasium was subdivided to cuboid structure that was formed as a
tapered rectangular prism. Each fagcade component inside the cube can
adjust itself to respond to the sun movement, by shifting the bottom of the
components to meet the functional requirements based on climatic state,

see Figure 2-49.

Figure 2-49: Configuration of adaptive facade components.

The Kinetic mechanism of such system can adapt itself corresponding
to two different objectives; firstly, keeping the playing area illuminated
responding to different sun positions, and secondly, changing illuminance
conditions for the needed fictional purposes. The study summarised that
parametric design tools provide broad design explorations, and opens more
opportunities for innovative building systems to adapt on their own to
environmental changes and to become more passively energy-efficient via
exploiting natural resources. However, in order to perform correctly, the
system still needs a high number of sensors to respond to the
environmental changes, besides, the complexity of electromechanical and

maintenance cost.

2.7.3 Mass and shadows study

William, Aswin and Heru [171] used a parametric approach in their
study as a tool to solve problems during the design process regarding site
planning and massing. The study was conducted on an office tower in

Jakarta. The study aimed to evaluate the feasibility of using parametric
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design method. Therefore, the method being employed in this study to
solve each problem individually by creating a formula in Grasshopper
containing all data with a specific parameter. The shadows were
investigated in this study by analysing the neighbouring buildings that
overshadow the site, which was utilised by the sun-path diagram to create

a trace of building’s shadow at specific hours, see Figure 2-50.

Figure 2-50: Overshadow of neighbouring buildings [171].

The overshadow study concluded that the western part of the site would
be more comfortable in the afternoon as it is overshadowed by surrounding
buildings after 3 pm, from February to October. Likewise, in Figure 2-51
searching for the most comfortable area along the year, while this
overshadowed area will be allocated as public spaces for human activities.
The utility of parametric design in this condition is the ease of controlling
sun location, which can be iterated during daytime based on specific

location imported from the weather file.

Figure 2-51: Analysis of overshadowing area [171].
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The mass is another aspect, was investigated in this study to obtain the
optimum solution by reducing the heat gain, where, the mass is considered
as the landmark for this site. The parametric approach was utilised in this
building to decrease the solar heat gain by determining the rotation degree
of the building, which influences on the aesthetic, structural forms, and the
tilted wall which can influence on the interior spaces, see Figure 2-52. The
simulation concluded that; the influence of rotation the building 90° would
decrease the heat gain to 1.32126 Wh/m? which was the lowest value of
heat gain. The study summarised that parametric design is more practical

than traditional methods in terms of real-time coordination and accuracy.

J

Figure 2-52: Building a mass study with solar radiation [171].

According to the morphological concept, Vasiliki and Odysseas [222]
proposed a parametric residential building in Cyprus that designed based
on the climatic and functional issue. The design method of the building
depends on solar radiation and daylight in this location, and how
parametric design could help to perform this design and provide many
design alternatives as a bioclimatic system [223]. The study aims to
provide sufficient daylight in all the building’s spaces and exploiting the
solar energy for the heating aspect. These climatic parameters will be

connected parametrically, in order to manipulate with the orientation of
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the unit to meet the environmental requirements. The model was
conducted using Grasshopper as a parametric software, and the daylight
analysis was done using Geco as an engine to Ecotect software which is
used as an environmental software. The study proposed four solutions for
the residential building, which can cover all possible bioclimatic
requirements, considering the structure system, orientation and atheistic

aspect, see Figure 2-53.

Figure 2-53: The four solutions for the system’s geometry and the environmental analysis for each solution [222].

The study found that lighting and solar energy can be reduced to
desirable results by adding extra canopy started with 3 m and ended with
1.5 m from east to west respectively. Moreover, the study recommended
adding some bioclimatic elements, including passive heating and cooling
systems. The study concluded that the performance of daylight and
ventilation levels could be improved by using parametric design approach,
via changing the morphology parameters through bioclimatic analysis.
Comparing to other buildings in the same area, the use of bioclimatic
principals can enhance the quality of people’s lives, regarding

morphological and functional aspects.
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2.7.4 Fenestration design

El Daly [112] investigated fenestration allocation design to optimise
daylight inside a multipurpose building in Cairo. He claims that
conventional windows are now debatable issue concerning environmental
rating system (LEED) [224]. He integrated parametric design as a heuristic
algorithm with the LEED rating system to achieve the required daylight
amounts with a minimum amount of solar radiation inside the building. The
design aimed to find suitable allocations for windows to comply with LEED
requirements. The reason for using the heuristic algorithm in this study is
to solve the problems in limited steps, and find the optimum solution
among all possible parameters.

The model was built in Grasshopper with the aid of Geco plugin, in order
to generate Ecotect to calculate the daylight analysis. Then the
optimisation of the data done with a genetic algorithm tool called
“Galapagos”, which considered the as an optimisation tool used in such

parametric design, see Figure 2-54.
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Figure 2-54: Grid analysis by Ecotect (left), Galapagos interface (right) [112]

The optimisation method in this study contributed to decreasing total
solar radiation loads to 26%, which was lower than the total loads
calculated in the initial parameters. Accordingly, the study summarised

that optimisation by using a parametric design based on LEED

64



PhD thesis by Ahmad Eltaweel, 2019 Chapter 2

requirements could be achieved by using three main steps. Firstly, design
the LEED requirements parametrically. Secondly, the automatic selection
of solutions through the integration between the simulation program and
the heuristic algorithm, and the last one is choosing the optimum solution
for the facade design. Burak and Sofia [225] investigated using generative
algorithms as well to explore design alternative for the fenestration system
of a building in a hot climate territory in Cyprus. The study aimed to
customise shading devices for the building, which can optimise daylight,
and reduce solar heat gain. The method of this study was conducted by
using Diva, Grasshopper and Galapagos. The ambient bounces settings in
the study were kept at 2 in Radiance parameters to speed up the simulation
process; however, this influence on the accuracy level of the values of the
Daylight Factor (DF). The study concluded that average DF was increased
by 25% - 67% in all alternatives. Accordingly, integrated parametric design
software can improve the performance of the buildings, moreover, provide
several alternatives for the design in the early stages.

Pil and Steffen [226] investigated the parametric method in
Grasshopper to generate different fenestration systems for a room that
fulfils performance criteria regarding indoor climate, daylight and energy
saving, see Figure 2-55. The method includes a new plugin in Grasshopper
called ICE bear which can simulate annual indoor climate, daylight and
energy performance of complex geometries based on hourly weather data.
This tool is used simultaneously with Galapagos optimisation algorithm in
order to generate design solutions based on the designer conceptual idea.
This method aims to reach maximum energy used for the building

operation (25 kWh/m?/year) while fulfilling thermal class II without having
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more than 100 h above 26 C°, and minimum Daylight Autonomy (DA) of
60% in a point in the middle of the room. The study concluded that the
method could generate an almost optimum solution based on designer

concepts, which can achieve indoor environmental requirements.

Figure 2-55: Examples of parametric models concepts and variables [226].

2.7.5 Windows design

Ma and Hiroatsu [227] used parametric design in their study to optimise
daylight and heat gain inside an office building in Beijing. The study method
depends on finding the best size window area on each wall to minimise
energy consumption and maximise the useful daylight illuminance. The
experiment was done by creating the model in Grasshopper based on
Rhinoceros, and the climatic simulation was done using Ladybug and
Honeybee as engines to EnergyPlus, Radiance and DAYSIM, in order to
study the environmental state parametrically. Additionally, the study used
Galapagos plugin to achieve the role of optimisation, which provides a
generic platform for the application of evolutionary algorithms to be used
in a wide variety of problems by non-programmers. Moreover, Galapagos,
as mentioned previously, can provide simple operation, fast speed of
calculation results and produces a range of optimised solutions.

The study found that the south-oriented window is the best orientation,
followed by north according to this selected territory, which aims to
minimise the annual total thermal energy. Whereas, heating energy in this
location is needed more than cooling energy. Furthermore, the study

concluded that vertical window with height 3.063 m and width 1.959 m is
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the optimum solution in 63% of the time for daylight illuminance level
greeter than 300 Ix, comparing to square and horizontal window with the
same area. Generally, the study summarised that parametric design could
optimise the selection of window design strategy concerning illuminance
level and energy analysis, to minimise the annual total thermal energy and
obtain the best orientation. Also, it can improve the design quality in an

early stage and provide solution strategy for building design.

2.7.6 Facade design

In Abu Dhabi, Aedas [228] developed “Al-Bahr Tawers” the tow 25 story
office towers which were parametrically designed and inspired from an
Islamic architectural element called “Mashrabiya”, via using the
tessellation of the hexagonal shape to create a mosaic scene in the facade,
see Figure 2-56. The facade consists of 1000 panels of connected triangular
screens arranged in a series of scalable hexagonal shape, which is folding

up to protect the fagade from direct solar radiation.

Figure 2-56: Transformation of the hexagonal shape in the facade [228].

The hexagonal shape is responding automatically to the sun movement
in an adaptive fitting system [229], to achieve better daylight performance
and energy saving. The design succeeded to reduce heat gain and glare by
50%, meanwhile, giving the Islamic atheistic shape. Moreover, parametric

facade together with solar thermal panels for hot-water heating and

67



PhD thesis by Ahmad Eltaweel, 2019 Chapter 2

photovoltaic panels on the roof, minimise the need of electrical lighting and
cooling energy and reduce the total CO; emissions by over 1750 t per year.

Narangerel and Lee [230] investigated in the same area using south-
oriented 3D facade patterns to enhance daylight performance and reduce
electricity consumption in Korea without any urban context. The design

process was done by using Ladybug and Honeybee, see Figure 2-57.
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Figure 2-57: Fagade geometry generation [230].

The model was created by increasing the points on the rectangular
building fagade units and connect them with the vertices’ corner of the
facade apertures. The method of this study suggested the optimal
extrusion lengths at the given points and the combination of materials of
the surfaces which were generated from the Delaunay triangulation
through multi-objective optimisation [213]. The suggested method in this
research showed high flexibility and compatibility of generating any facade
design using the proposed technique. The authors claimed that the method
could be used effectively to create several design alternatives of an office
building and to assess the daylighting performance according to a given
location. The study summarised that facade model could save energy and

enhance daylighting performances.
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In similar research, Elliot and Christoph [231] used parametric design
and energy simulation tools to determine the influence of daylight on
facade’s shading designs and the expected energy used in the building,
cost optimisation for the building and the amount of carbon emitted from
the building. The study conducted by using Grasshopper for simulation
modelling, EnergyPlus Based on Diva for the environmental studies, and
Galapagos for design optimisation. The study summarised that the
designer should put into consideration the climatic changes and how to
deal with the physical parameters of a static building to match the
environmental changes over time. Accordingly, parametric design can
anticipate varieties of scenarios for the building to get the optimised
performance.

Mohmoud and Elghazi [232] investigated in kinetic facades [206, 233]
using parametric design to optimise the daylight in a south-oriented facade
in Cairo. The facade consists of a movable hexagonal pattern which is
controlled using Grasshopper in order to study the daylight distribution
inside the building, aiming to achieve the requirements of LEED v4. The
study showed an improvement in daylight between 20-50% through the
four seasons, comparing to traditional facades. The method of this study
was based on the kinetic system, via controlling the rotation of hexagonal

components in the facade, as shown in Figure 2-58.

Rotation Motion
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Figure 2-58: Patterns of the rotation motion for the kinetic fagcade [232].
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2.7.7 Prototypes design

Elghazi, Wagdy, Mohmed and Hassan investigated daylight optimisation
by [234] using Kaleidocycle design technique in a residential fagcade in
Cairo based on Origami, in order to enhance the daylighting in a living
room and achieving the requirements of LEED V4 [235]. The methodology
of this research was focusing on using the parametric of Kaleidocycle logic,
which was conducted by applying parametric design based on Rhinoceros,

Grasshopper and Diva as an engine to Radiance and DAYSIM [236].

Vo4

Figure 2-59: Origami forms based on geometrical rules [234].

It can be observed in Figure 2-59 that the origami is a folding paper
techniques, which offers a finite set of paper shapes based on sequence
and relationships between surface and points, which can be defined by
rules, moreover, it is a type of manual algorithm that can be translated
into parametric shapes [237].

The study investigated the concept of Kaleidocycle skin by using the
Origami technique. Kaleidocycle is defined as rotating rings of tetrahedrons
which usually used with the mathematical exercises. Each tetrahedron in
the cycle is linked to its predecessor and successor at opposite edges,
where the movement technique treats each tetrahedron as an independent
element [238]. The process of this research was done using a genetic
algorithm, by using “Galapagos” component in order to optimise the

results. The results showed that Kaleidocycle rings with 30 cm size and 64°
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rotation angle achieved 100% of daylight distribution which exceeded LEED
V4 requirements (75%) and accepted Daylight Availability standard. The
research summarised that LEED V4 requirements could be achieved via
using parametric techniques; besides, the integration of daylight
simulation tools and genetic algorithm contributes to achieving better
daylight performance.

Another research in the same area investigated in using origami concept
with parametric design, done by Avergauw, Lalegria, Kroovers and Niels
[239]. The study concentrated on using an adaptive shading system which
can respond to the environmental circumstances. This system is based on
a curved-line folding technique which depends on kinematic behaviour.
This technique provides vast opportunity to generate flexible shapes, which
can be conducted by pushing specific endpoints in the geometrical shape

using the small curved lines which can be easily squeezed, see Figure 2-60.
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Figure 2-60: The kinematic behaviour using the curved line adaptive [239].

The significant character of this system that it can give higher

displacement in its formation with low forces added to its vertices [240].
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The model morphology was created and controlled parametrically using
Grasshopper. The study aims to save energy consumption and enhance
indoor comfort by using the concept of kinematic behaviour based on
parametric design. The study resulted that using adaptive shading
parametrically can improve daylight exploitation and energy saving.
Gomaa and Jabi [241] investigated in intricate facades using parametric
tools (Autodesk Revit and 3D Max) in order to evaluate and compare the
performance of daylighting analysis by using these two software. The
experiment was done by making three types of the model; using Revit, 3D
Max and a physical scaled model. The physical scaled model was conducted
by 3D printing and laser cutting processes, which was used as a reference
case for comparison purposes. The initial test performed in a simple
unglazed opening room. The next set of tests used three types of
parametric pattern to form the facade geometries, as shown in Figure 2-61,
which approximate some of the commonly used shapes in new building

envelopes.

Force Field

Weaving

Figure 2-61: The three chosen patterns in three modelling types [241].
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The daylighting analysis was performed using the available tools in each
software. The assessment of results depends mainly on evaluating the
differences in illuminance values which reported from each software and
then comparing them to the values of the physical model. The study
summarised that Rivet is better in using fast and straightforward
geometries with daylight analysis when high levels of accuracy are not
needed, however, in contrast with 3D Max, which considered to perform
better with sophisticated geometries. Additionally, the rapid progress of
parametric modelling which integrated with fabrication technologies has
made the daylighting analysis of complex geometries less reasonable,
comparing to the real model. Therefore, the existing daylight simulation
tools need validations and crucial upgrades in order to control the gap

between predictions and physical reality.

2.7.8 Photovoltaics design

Hend, Ayman, Paolo, Robert and John [242] investigated in the
integration between photovoltaics technology and buildings’ structure,
while they are recommended renewable energy source. The main aim of
this study was using parametric design with photovoltaics membrane
structure, in order to solve complex relations within the membrane
formation. For instance, the membrane’s geometry, layout orientation,
shadowing, analyse the daylight pattern on the membrane surface,
calculate the stress distribution in different weather conditions and the
maximum deflection allowed for the membrane surface under different
loading conditions. The study argued that these former aspects could be
integrated parametrically, via using Grasshopper, while this parametric

approach could provide multiple facilities in a real-time process for these
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complex aspects. The study summarised that parametric method could
optimise many environmental aspects such as maximum daylighting
absorption and energy saving. However, the study required more research

to analyse more geometrical solutions with different structural parameters.

2.8 Summary

This literature review reveals the influence of parametric design on
daylighting performance and energy saving, especially for complex
projects and innovative concepts, while it can provide quick iteration, real-
time results, data analysis, time-saving, integrated relations and the
optimisation characteristic. Table 2-1 summarises daylighting performance

and energy saving in some previous studies via using parametric design.

Table 2-1: Daylight performance and energy saved within parametric design

Reference Type of DF sDA Reduce Energy
Daylighting Improvement Improvement Solar Heat Saving
Design Gain
[195] Louvres design 100%
[12] Automated 50%
shading system
[205] Skylight design 35%
[215] Skylight design 30%
[112] Fenestration 26%
design
[225] Fenestration 67%
system
[226] Fenestration 60%
system
[234] Facade design 100%
[228] Fagade design 50%

Chapter 2 has presented a literature review about light, daylighting and
their metrics. Then the literature went through parametric design from its
origin, principle, implementation and applications, and precisely the
relation between parametric design and daylighting research. The
parametric design has been getting popular in recent years to address the

design complexity of modern buildings, by applying advanced modelling
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tool to refine the design parameters simultaneously. The parametric design
has been used widely in the areas of architecture, structural design, urban
planning, fashion design, etcetera, while its applications for daylighting
research are still growing.

The most common software used for this aspect is Grasshopper based
on Rhinoceros 3D as a parametric modelling approach. Grasshopper is
developed to connect multiple plugins in one canvas in order to facilitate
the relationship between different disciplines in the same simulation
approach. For daylighting simulation; Diva, Ladybug and Honeybee are
used as plugins to generate comprehensive simulation daylight analysis.
These plugins are connected to Grasshopper and used as an engine to
Ecotect, EnergyPlus, OpenStudio, Radiance and DAYSIM, in addition to
defining a specific territory by using EPW weather file. The genetic
algorithmic plugin “Galapagos” is used as an optimisation tool to find the
best solution. The advantage character of this parametric software
revealed in the capability to control and amend all the design elements
individually or integrated, and any modification or alteration in the ambient
will influence on the whole model simultaneously. Therefore, the
parametric approach as a design tool can improve the performance of

daylighting and energy saving in the early stage of design.
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Chapter 3 Parametric Control of a Rotating
Louvre Consisting of
Parametrically-angled Mirrored
Slats, Methodological study

3.1 Introduction

Daylighting plays an essential role in designing energy-efficient
buildings in terms of saving energy and visual comfort for the occupants
[243] and increasing their productivity [244]. Additionally, the more
uniform daylight and good distribution could save much more energy than
the sharply changed daylight distribution [245]. Nevertheless, heat gain
from the windows contributes significantly to increase cooling loads, and
large windows could produce glare problems, especially in south-facing
facades [246, 247].

Buildings’ design may face several illumination issues such as
orientation, size, room depth, surrounding obstacles, and many other
factors which limit to receive sufficient daylight. To overcome those issues,
some daylighting systems have been practiced to improve daylighting
performance inside buildings; such as light shelves [248], Venetian blinds
[12], louvres [12, 137, 249], optical louvre system (OLS) [137], roller
shutters [250], electrochromic glazing [3, 251, 252], thermotropic
windows [253], translucent insulating panels [251], laser-cut panels [254]
prismatic glazing [255], photo-bioreactors, , light pipes [144], fibre optics
[148], CPCs [256], light wells, and other fenestration systems [3, 112,
257]. According to statistical studies [42, 57, 249, 258, 259], such
daylighting systems can save electric lighting by 20-40% from total

energy.
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Many researchers investigated the utilisation of Venetian blinds and
optical louvre system (OLS) to reflect incident sunlight into buildings [50],
which produced significant results. However, these results were limited at
specific times due to their static state in relation with sun movement, which
influences on the uniformity and steadiness of the reflected light, and
therefore, reduces the occupants’ visual comfort [137]. They may also
have some drawbacks such as limited times of the provided daylight, risk
of glare or excessive light, which probably lead to visual discomfort for
occupants and use of artificial light instead.

However, when using responsive tools such as automated louvre,
daylight harvesting can be dramatically improved, due to its real-time
response to the sun movement [129], which can keep the reflected light
not just uniform but also relatively steady during the daytime, which
accordingly can improve visual comfort and increase the energy saving
[212]. This characteristic will be discussed in details in this chapter.

A case study of the proposed method will be conducted for an office
building model in New Cairo in Egypt. According to previous researches
[12, 71], highly glazed facades and open floor offices spaces required the
use of dynamic solar shading controlled with a cut-off strategy to minimise
the risk of overheating and optimise the use of daylight. Consequently, this
chapter will investigate controlling the slats’ rotation automatically using

parametric design [205].

3.2 Methodology description of the parametric daylighting
louvre

The parametric daylighting louvre system is inspired by three different

organisms. The “Heliotrope plant” which can ultimately respond to the sun
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movement [211], and is used in our study as a response method. The
“Superposition compounds eyes” is a visual behaviour in the bees which
can redirect the collected light to a specific point in their retina [260], which
used in our study as a reflection method. The “Saddle joint” is a type of
connection in the human bones [261], which used in our study as a
movement mechanism, see Figure 3-1. Practically, the study uses an
integrated daylighting louvre system which can respond automatically to
the sun movement. The integrated system consists of four main parts;
rotating louvre, electrochromic window, thermochromic window and
chamfered ceiling. The whole system is connected and controlled

parametrically using Grasshopper.

(@) (b) (c)

Figure 3-1: Heliotrope plant (a), Superposition compounds eye (b) and Saddle joint (c)

3.2.1 Parametric daylighting louvre software control

The daylighting louvre system is controlled using Grasshopper software.
Grasshopper is a plugin for Rhinoceros 3D software, used to generate 3D
parametric models [186, 262]. Grasshopper is a flexible algorithmic
software used as a scripting language to deal with different parameters via
specific formulas in order to define the model. These formulae appear as
canvas connections which can be amended and controlled parametrically
in a separate graphical interface [263]. Grasshopper software can help

designers to quickly generate complex parametric forms with no formal
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scripting background [98]. It can provide full control and accurate
manipulation of the model’'s elements by defining form-generation
components, which can be optimised through the use of sliders and
mathematical expressions, or even with simple scripting. Grasshopper and
Rhinoceros 3D have separate interfaces, where the formula is created in
Grasshopper screen, and the model is revealed in Rhinoceros viewport

screen as shown in Figure 3-2.
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Figure 3-2: Grasshopper interface showing the canvas of sliders and connections (Top). Rhinoceros 3D interface
showing the model viewport (Bottom).

Grasshopper has the flexibility to connect multiple plugins in one canvas
based on the project needs. In our study “Honeybee” and “Ladybug” are
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used as an environmental software plugins [264]. Honeybee plugin is used
to generate “"Radiance” software as a lighting simulation analysis tool which
developed by Ward [265], it is based on backward ray-tracing algorithm
used for daylighting calculations [208] see Figure 3-3. Meanwhile, Ladybug
plugin is used as an engine to generate DAYSIM to get the weather data,
sun-path, time and date related to a specific location, via using EPW
weather file which can be downloaded online for any specific location

around the world (https://energyplus.net/weather).

.epw [au

Weather Data =
Daysim

The study case

Rhinoceros 3D

Grasshopper a
plugin in
Rhinoceros

Ladybug

®

Ladybug uses (.epw) file
to generate weather data
for a case study, and used
as an engine for Daysim

Honeybee

o
; I Blugins Honeybee
in L
Grasshopper Ladybug
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for EnergyPlus, Radiance
and OpenStudio to get
building energy and

daylighting simulation

analysis.

OpenStudio EnergyPlus
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controlled and
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Rhinoceros 3D as a viewport

Figure 3-3: links between Rhinoceros, Grasshopper, Honeybee and Ladybug to generate an environmentally
conscious model [262-264].

This thesis proposes a formula created in Grasshopper software to

control the slats’ rotation, where these slats act like a snow buttercup
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flower following the sun direction to receive more light, a process known
as Heliotropic response [21]. The Grasshopper formula for the proposed
parametric louver is attached in the Appendix C.

For a daylight simulation and analysis calculation, test points are used
inside the examined area at the desk level 0.75 m to calculate the
illuminance level, see Figure 3-4. The results of the test points represent
the illuminance value of each single point, where, the sum of all points are
calculated to determine the percentage average for the whole area for the
daylight illuminance within the range 300~500 Ix. The illuminance range
300~500 Ix in our study is used as a standard threshold level for visual
comfort, based on the information in section 2.3.4. Figure 3-4 is a sample
image for a daylight simulation analysis for an example office room, where
the blue area represents a low illuminance level and the red area is a high
illuminance level, while the light blue area represents the recommended

illuminance level range which should be between 300 and 500 Ix.

Figure 3-4: Sample daylight simulation analysis for an example office room
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3.2.2 Parametric daylighting louvre main components:

1. Rotating louvre with parametrically-angled mirrored slats

The louvre system consists of aluminium slats with 90% reflectivity, the
slats are parametrically-angled with individual rotation angle for each slat
but can be rotated with the same angle, and their rotation pivots aligned
with their sides. The slats’ rotation reacts to the sun movements, where
each slat has its unique angle in order to reflect the incident light to the
specific target patches on the ceiling, and then the ceiling works as a
source of light to illuminate the room as shown in Figure 3-5. These slats
are controlled parametrically and modified accurately using Grasshopper.
The louvre should be installed in a south-oriented facade at the upper part
of the window and preferred to be used in the sunny territories.

Rotating slats -

TC window ——

——

Chamfered ceiling

EC window

Figure 3-5: Real map perspective view from 3D Max showing the elements of the proposed daylighting louvre
system (left), Fisheye map from Radiance showing the reflected light on the ceiling (right).

2. Electrochromic glazing

Electrochromic (EC) glazing is an advanced kind of glass capable of
transferring from transparent to translucent phase [266] under the action
of a voltage or current. This advanced material can disperse the incident
sunlight to diffuse light. This kind of glazing used in our study as a source
of diffuse light to the area near to the window, while, it is installed at the
lower part of the window and can be controlled parametrically using

Grasshopper based on solar intensity, see Figure 3-5. EC materials were
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suggested for glazing applications in 1983 by Lampert [267], Svensson
and Granqvist [268]. The technology of EC materials has been recently
applied in extensive window glazing for visual comfort, pleasant indoor
environment and energy saving. This type of glazing can save up to 45%

of total energy when compared to single static glazing [33, 160].

3. Thermochromic glazing

Thermochromic (TC) materials originally based on colour-changed
composites that sensitive to temperature. Thermochromism refers to
dramatic phase change, which occurs when a material is melted [269].
Therefore, thermochromic glazing can change its colour, responding to
solar intensity [270]. In our study, thermochromic glazing used to control
the intensity level of the daylight coming from solar radiation and sky
dome, while, it is installed at the upper part of the window, see Figure 3-5.
TC materials have been suggested for glazing applications in 1986/1987

by Jorgenson and Lee [271], and Babulanam et al. [272].

4. Chamfered ceiling

Adding a simple modification to the ceiling at the deep-plan room can
make a remarkable improvement to the illuminance level at this area. A
study by A. Freewan [140] indicated that adding curvature to the ceiling
at the end of a room can enhance the illuminance performance at this area.
The current study claims that adding a chamfered ceiling in 45° at the end
of the room can significantly improve the uniformity of the light and

increase the illuminance level up to 10% [273], see Figure 3-5.
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3.2.3 Parametric daylighting louvre control mechanism

The main method of the parametric louvre based on reflective slats
which can automatically rotate with responding to the sun movement at
daytime in order to collect and redirect the incident sunlight to the ceiling,
then the reflected lights on the ceiling act as a diffuse light to the room,
see Figure 3-6. The system is so-called "“Parametric Louvre” or
“Parametrically-angled Mirrored Slats” because the slats are parametrically
rotated, where every single slat has a specific rotation angle, aiming to
redirect sunlight to specific chosen targets points on the ceiling, and these
targets are fixed. These targets can be changed parametrically based on
the depth of the room to provide more coverage and distribution. During
the sun movement; the slats rotate accordingly with responding to the sun
direction in order to keep the reflected light constant at these targets. This
process is controlled parametrically using an algorithmic formula in
Grasshopper, and this formula is changeable and editable. The formula
concept is depending on keeping the opposing two angles (&) shown in
Figure 3-7 above the slat equal - wherever the sun direction - where the
first angle is the intersection between incident sunlight and slat, while the
other angle is the intersection between reflected light and the slat. The tilt
angle of the slat (B) calculated as next:

B=Q-do0ord-06
6 = tantu/v

Where; (0) is the opposing two angles over the slat. (Q) is the solar profile
angle, (0) is the angle between reflected light and ceiling. (u) is the

distance from the centre of the slat to the point (a), (v) is the distance
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from the point (a) to the target point (b), and (B) is the slat tilt angle, see

Figure 3-6 and Figure 3-7.
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Figure 3-6: Cross-sectional view of the room showing the incident sunlight reflected by the rotating mirrored slats to
a fixed target, resulting in diffuse light to the occupants. Every single slat has a specific rotation angle according to
the target position, which is related to the slat.

Equal angles

Incident Sunlight

y O

—=

Rotating sla

Outside Inside

Figure 3-7: Cross-sectional view of the slats showing sun altitude outside is changing during daytime, and the slats
are rotating responding to sun movement in order to keep the reflected light towards the fixed target points on the
ceiling, and this process conducted via keeping the opposing angles (Q) equal wherever the sun position.

The required tilt angle (B) in our study, should reach to the cut-off angle
(B*) which is defined as the slat tilt angle beyond where no direct radiation
is being transmitted through the slats. It is the most typical automatic blind
control used in several previous studies [274], see Figure 3-8(c), where:
B*= B required.

Distance between slats in this study is critical aspect because; if it is

tiny as shown in Figure 3-8(b), it will utterly prevent the penetration of

85



PhD thesis by Ahmad Eltaweel, 2019 Chapter 4

sunlight, but may have the risk of blocking the reflected light to the ceiling.
In contrast, if the distance between the slats is larger than a specific limit
as shown in Figure 3-8(a), it will reflect the whole coming light from direct
sunlight, however, still, have the risk of incident sunlight penetration.
Therefore, the critical distance (y) shown in Figure 3-8(c) should be tuned
to achieve the balance between the two main functions to obtain the

optimum performance.

~7y = critical distance,

Figure 3-8: a comparison showing the influence of the distance between slats on the light reflected; (a) big distance,
(b) small distance, and (c) is the critical distance which is acceptable according to the balance achieved with the cut-
off angle B* (required ).

It should bear in mind that for individual control, every single slat has
its unique rotation angle because each slat has its specified target over the
ceiling. However, for comprehensive control, the whole slats have the same
rotation angle during each movement, see Figure 3-9. Comparing to
regular Venetian blinds, the reflected beams with the conventional blinds
are parallel; however, the reflected beams with the parametrically-angled
mirrored slats are spread out and separated. It is difficult to make a
complex process to control several functions and find a compromise at the
same time, whereas, this should be conducted by computerising.
Therefore, utilising parametric design in this kind of complicated process is
highly recommended, and it can be conducted via a formula created in
Grasshopper. In this case, the cut-off angle (B*) is a unique angle for every

single slat, as shown in Figure 3-7. The reason of using fixed targets on
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the ceiling is to keep the reflected beams horizontally constant, parallel to
the window, and moving in a straight line in one path according to sun
azimuth as shown in Figure 3-10. Accordingly, this method can keep the

daylight uniform and distributed inside the room.
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Figure 3-9: it can be noticed the 1° rotation difference between case (a) and case (b); meanwhile, each salt has its
unique rotation angle.

Figure 3-10: Radiance maps inside the room showing the parallel reflection on the ceiling during the daytime from 9
a.m.:5p.m.

The advantage of using parametric design in this process is to facilitate
achieving maximum coverage of daylighting inside the room, via adapting
the slats to accurately collect sunlight and reflect it to the ceiling as shown
in Figure 3-8(c). At the same time, the slats acting as a shading device to
protect the occupants from direct sunlight and heat gain, which leads to
reducing cooling demands up to 30% based on previous studies [249,

275]. It should bear in mind that Energy coming from the sun is short-
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wave and carries little heat. The heat has only occurred when a surface
absorbs the solar energy and then radiated as long-wave infrared energy.
In our case, the reflected solar energy is not an issue, because it remains
short-wave and does not cause any heat gain [276]. Additionally, the
parametric slats can keep the reflected light more steady and distributed
on the ceiling during the working hours; which can provide visual comfort
for the occupants. Consequently, electric light can be saved during the

daytime as long as the reflected lights are constant and available [259].

3.3 Case Study description of the Parametric Louvre

A case study of the proposed method has been conducted for a deep-
plan office room located in New Cairo in Egypt. The office room model was
built in Grasshopper based on Rhinoceros 3D with dimensions 4m height,
7m depth and 18m length. The model has two main parameters; the slats
control and timing. The Parametric Louvre System consists of aluminium
slats with 90% reflectivity, which located at the upper part of the window

as shown in Figure 3-11. The slats parameters control are listed below.

1
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T targets
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slats
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f

Figure 3-11: Cross-sectional for the office showing the controlled parameters; x: slats distance from the window, y:
the distance between slats, L: the distance between targets, h: slats’ threshold from the finish floor.
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The slat dimensions (length, width, and thickness).

The slat shape (flat — concave - convex).

The count of slats based on solar altitudes.

The distance between the slats (y) based on the slats’ count.
The threshold of the slats (h).

The distance between the targets (L) based on room depth.

The slats location (inside or outside the window).

® NS A WDN KR

Tuning the tilt angle of the whole system, based on season change.

The slats should perform two functions simultaneously; firstly, redirect
incident sunlight to the ceiling, and secondly, prevent direct sunlight from
penetrating inside the workstation, through using specific cut-off angles
[274] with a specific critical distance between the slats. In order to achieve
optimum performance, these two functions should be controlled in
balance; via keeping the critical distance between the slats homogeneous
with sun altitude. The formula in Grasshopper is tuned to react to sun
movement when changing time or date automatically, using clear sky with
direct sunlight. Ladybug plugin provides full sun path parameters via EPW
weather file. In order to understand the hypothesis of this study, we will
study three different cases from summer to winter (21t of June, 21t of

September and 215t of December), see Figure 3-12.
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Figure 3-12: Sun path exported form Rhinoceros 3D, on June 21%, September 21, and December 215 and sun
altitudes 83.3°, 60.2°, and 36.4° respectively at zenith time.
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3.4 Examining the Parametric Louvre in an example office
room in New Cairo in three different seasons, to
evaluate the daylight performance

The modelling experiment was conducted for three seasons; on the 21st
of June, 215t of September and 215t of December, which are representing
maximum, equinox, and minimum of sunlight availability throughout the
year respectively. The model is a south-oriented office room in New Cairo
and exposed to direct sunlight with a clear sky. The room is 18m length,
7m depth, and 4m clear height, and the slat unit in our case will be set to
10cm width and 1mm thickness. Firstly, we will study the sun-path and its
coverage percentage area inside the room before adding the slats. Then
adding the slats based on the attitude of sun coverage, in order to adapt
the slats to react adequately with the variation of the altitude of the
incident sunlight. The reflected lights in our cases are concentrated in 5
meter depth starting from the end of the room, while, the area near to the

window is already illuminated with sufficient natural light, see Figure 3-13.
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Figure 3-13: cross-section in the workstation showing the covered area by reflected light

3.4.1 Case 1: clear sky with the sun on the 21st of December

In this case, winter season in Cairo, 21%t of December sun altitude is
36.4° at zenith time, see Figure 3-12. Meanwhile, it can be noticed in
Figure 3-14 that direct sun light is low at this time and covering more than
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80% of the room from 8 a.m. to 5 p.m. Therefore; the slats count should
be increased to prevent the penetration of direct sunlight inside the room.

This process was done in Grasshopper by changing the distance
between the slats, in order to create a balance between the cut-off angle
(B*), the reflected light and the critical distance between the slats (y), see

Figure 3-15 (detailed section).
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Figure 3-14: Top view of the office room showing hourly illuminated coverage area (83.2% coverage) from 8 a.m. to
5 p.m. on the 21% of December (left), Sun path (right)
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Figure 3-15: (left); cross-sectional view on the workstation showing sun rays at zenith time with 36.4° altitude on
December 21, using a high number of slats [35 slats], (right); detailed section for the slats

The ray passed through the top outer edge of the slat is prevented by
the inner edge of the bottom slat. Consequently, the amount of light passes
between the two slats is prevented from passing to the room, while,
redirected to the ceiling, and so on for the other rays. Meanwhile, the
insolation intensity of sunlight is low according to Lambert’s Law, because
in winter season; a unit beam of the sunray is steep which resulting
coverage of a larger area, accordingly, receiving less energy per unit of an

area [22]. Therefore, high number of slats will compensate the weakness
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of sun radiation (545 W/m?) at this time, see Figure 3-16, by reflecting

maximum sunlight into the ceiling as shown in Figure 3-15 (left). The slats

settings are shown in Table 3-1.
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Figure 3-16: Solar radiation in Cairo on the 21 of June, 21% of September and 21 of December from 8 a.m. to 5

Table 3-1: Slats settings

p.m.

Slats parameters in meter 215t Dec. 215t Sep. 21 Jun.

Distance between targets (L) 0.14 0.3 0.3
Distance form window (x) 0.1 0.1 -1

Horizontal shift between slats 0 0 0.06
Threshold height (h) 2 2 2

Distance between slats (y)’critical distance” 0.047 0.1 0.1
Number of slats 35 16 16

Target form wall 0.3 0.3 0.3

The first and last three hours of the working hours from 8 a.m. to 11

a.m., and 2 p.m. to 5 p.m. respectively, sun altitudes are low. It can be

noticed in Figure 3-14 (purple colour) that sunlight is penetrating deep into

the end of the room, and the influence of solar radiation at these 6 hours

is relatively low, while maximum solar radiation at this period is 356 W/m?

at 10 a.m., see Figure 3-16. Therefore, we can utilise the solar intensity

by providing diffuse light at this period via using translucent glass with

30% translucency [252, 277] within the automated slats (will be

investigated in details in Chapter 4). The middle three hours from 11 a.m.
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to 2 p.m.; sun altitudes are relatively high (comparing to the first three
hours) and the intensity increases gradually, which should be sufficient to

be reflected using the parametric louvre.

3.4.2 Case 2: clear sky with the sun on the 21st of September

In this case, autumn equinox on 215t of September, where daytime and
night are equal (12 hours each) and sun altitude is 60.2° at zenith time.
At this time, it can be noticed in Figure 3-17 that sunlight is covering just
22% of the room; meanwhile, daytime is more extended than the winter
season. According to the increase in sun altitudes, the number of slats was
decreased (moved away from each other) in order to match the higher
angles of sunray at this time, see Figure 3-17. In such a case, daylight is
needed to cover deep inside the room, while approximately 80% of the
room is dim and not exposed to direct sunlight.

Indeed, a higher altitude of the sun means more insolation intensity
according to Lambert’s Law [22], consequently, based on Figure 3-16 the
increase in solar radiation at this time will compensate the lack of slats via
reflecting larger intensity of the sunlight. Although, count of slats, in this
case, is lower than in winter season, however, we can receive
approximately the same intensity from reflected light as in winter season.

In Figure 3-16 it can be noticed that solar radiation on the 21t of
September at noontime is 967 W/m2; however, it is 545 W/m?2 at the same
time on 215t of December, which is approximately equal to the morning of
September 21t 588 W/m2. Which means that the minimum of solar
radiation in September is approximately equal to the maximum of solar
radiation in December. Therefore, this difference can be compensated by
controlling the number of reflected lights (slats count). Moreover, solar
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intensity on this date is sufficient to provide daylight during the daytime,
except the first and last hours from the working hours. Therefore,
automated slats can work effectively during six hours of the day, while,
diffuse light can be implemented in the remaining two hours via using

translucent glass [252] as mentioned in “Case 1”.
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Figure 3-17: Top view of the office room showing hourly illuminated coverage area (22.7% coverage) from 8 a.m. to
5 p.m. on the 21 of September (left), Cross-sectional view for the workstation showing sun rays at zenith time 60.2°
altitude, using low number of slats [16 slats]. (Right)

3.4.3 Case 3: clear sky with the sun on the 215t of June

At this time of the year summer season, 215t of June is the longest day
over the year and sun is approximately vertical at zenith time, see Figure
3-12, accordingly, the office room is almost dark during daytime as shown
in Figure 3-18. Hence, sun rays cannot strike the slats as long as they are
vertically deployed; accordingly, reflected light is hardly obtained because
of the vertical path of the sun rays as shown in Figure 3-18. Therefore, the
slats should be tilted in an inclined sequence order to receive maximum
sunlight. Moreover, this action will work as a shade to protect the window

from incident sunlight during the day. The slats settings listed in Table 3-1.
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Figure 3-18: Top view of the office room showing hourly illuminated coverage area (3.7% coverage) from 8 a.m. to 5
p.m. on the 21% of December (left), Cross-sectional view for the workstation showing sun rays at zenith time with
83.3° altitude, using tilted blinds [16 slats]. (Right)
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3.5 Cases study comparison and analysis

A comparison analysis is conducted between the three previous cases
at 8 a.m., 10 a.m. and 12 p.m., using a plain window, conventional slats
and the Parametric Louvre in the office room. All parameters of the
conventional slats were set similar to the automated slats, except the
rotation parameter, where the conventional slats were set in a horizontal
state with no rotation angle. As mentioned before, each slat in the
automated slats has an individual rotation angle which response
parametrically to the sun movement.

Figure 3-19 is showing a comparison maps of daylight distribution in
the office room using a plain window, conventional slats and the Parametric
Louvre System on 215t of December, 21t of September and 21t of June
respectively at 8 a.m. In September and June in the automated case,
sunlight is blocked and successfully reflected, however, in December the
incident light is penetrating between the slats according to the low
inclination of the sun; however, this issue will be addressed in Chapter 4
by using translucent glass. In the typical case, the slats were set to be in
a horizontal state, which is considered the best static way to utilise daylight
[278]. The conventional slats at this time are showing lower efficiency in
reflecting light comparing to the parametric ones. Although, some reflected

light is revealed in December, however, still insufficiently distributed.
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215t of December at 8 a.m. 215t of September at 8 a.m. 215t of June at 8 a.m.

Workstation rﬁal s without blinds

Workstation maps with the conventional blinds

Cross-sections on the workstation showing the raytracing

Figure 3-19: Radiance maps for the office room at 8 a.m. on 21 of December, 21% of September and 21 of June,
from left to right (top), raytracing and solar altitudes (bottom)

In Figure 3-20, same conditions at 10 a.m.; the reflected light with the
Parametric Louvre looks steady and uniform on the three mentioned dates.
Moreover, it can be noticed that reflected light in December at this time is
approximately blocked and reflected comparing to 8 a.m. The conventional
slats at this time still unsuccessful to reflect sunlight efficiently.
Nevertheless, they are slightly showing better performance in December

but still not distributed.
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215t of September at 10 a.m. 215t of June at 10 a.m.

215t of December at 10 a.m.

Workstation maps without blinds

Cross-sections on the workstation showing the raytracing

Figure 3-20: Radiance maps for the office room at 10 a.m. on 215 of December, 21% of September and 21% of June,
from left to right (top), raytracing and solar altitudes (bottom)

In Figure 3-21, same conditions at 12 p.m., the Parametric Louvre
reveals the best performance on all dates, while they succeeded to reflect
and block sunlight efficiently; moreover, the reflected daylight is
distributed well on the whole ceiling. On the other hand, the conventional

slats blocked the light successfully, but still insufficient to illuminate the

office room.
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215t of December at noontime. 215t of September at noontime. 215t of June at noontime.

Workstation maps without blinds

Cross-sections on the workstation showing the raytracing

Figure 3-21: Radiance maps for the office room at 12 p.m. on 21 of December, 21% of September and 21 of
June, from left to right (top), raytracing and solar altitudes (bottom)
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3.6 Summary

Parametric Louvre was used to illuminate a south-oriented office room
in Cairo using direct sunlight with a clear sky. The slats were controlled
parametrically and respond automatically to the sun movement in a
heliotropic response. The experiment performed at three different times of
the year; 215t of December, 215t of September and 21t of June, and these
specific dates were chosen to cover all possible circumstances of daylight
exposure. While, these dates represent the maximum, equinox and
minimum of sunlight exposure throughout the year.

The slats were set vertically at the upper part of the window on
December and September, where the sun inclinations are sufficient to be
reflected into the ceiling and provide natural light. However, sun altitude
in June is very high to be caught by such vertical slats. Therefore, the slats
were tilted in an inclined sequence, in order to receive maximum sunlight.
The Parametric Louvre System, among all cases, was showing the best
performance of providing natural daylight, blocking direct sunlight and
distributing light. Although, conventional slats succeeded to prevent
incident sunlight and to provide natural light, however, the provided
daylight still insufficient and not well distributed.

To summarise, Parametric Louvre System succeeded to provide
distributed daylight in a south-oriented room and protect from direct
sunlight, simultaneously. Therefore, this system can be used instead of
artificial light to save electrical energy. Chapter 4 will discuss the validity

of such a system via using 1:20 physical prototype.
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Chapter 4 Prototyping and Validation of the
Parametric Louvre

4.1 Introduction

Automated daylighting systems can achieve up to 50% of energy-
saving comparing to 20% of the stationary systems at their best
performance [279]. However, the performance of these automated
systems is still limited due to their inadequate performance, control
difficulties and users’ preferences [12]. Recently, the parametric design
has been implemented in these automated systems to improve their
performance and solve potential lack of daylight coverage, while, it can
combine different parameters and complex relations, simultaneously
[123]. Chapter 4 will investigate the Parametric Louvre System (PLS) with
individually-angled mirrored slats (based on Chapter 3) [247] by
implementing automation control in a physical prototype. The PLS was
used as a daylighting system which can provide evenly distributed daylight
inside the room [273]. The study aims to demonstrate the validity and
performance of the proposed PLS in a mock-up study and also the
application of microcontrollers in the prototype as a controlling method
[280]. Microcontrollers have been utilised previously in several types of
research to improve energy efficiency and comfort conditions [129, 281,
282]. The validation process starts with specifying the prototype location
by inserting the EPW file in the “Ladybug” component, likewise, time and
date inserted as an input data in Grasshopper. Then, the input data should
be calculated via Grasshopper’s formula to obtain the slats’ rotation angels.

After that, the values of the angle are sent immediately to Arduino board
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as a microcontroller via a specific plugin known as “Firefly”. Finally, Arduino
board gave signals to the servo-motors with the specified angles, which

should accordingly rotate the slats, see Figure 4-1.
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Figure 4-1: Conceptual diagram showing the relation between Software, Hardware, Sensors and Actuators
4.2 Prototyping the Parametric Louvre

A scaled prototype was created to validate the results obtained from
the computer simulation of the parametric louvre in an example office room
[273, 279]. The prototype was built with a scale of 1:20 for the office room
of 8m depth, 4m height and 12m width. The prototype was made of an
assembled laser-cut 3mm plywood and with a movable ceiling. The full
south side was fitted with the louvred window. The walls and ceiling were
matt white painted to give a typical 80% reflectivity, while the floor was
covered with standard grey carpet. A side circular access opening was

created to take a snapshot of the interior with a wireless controlled camera,
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see Figure 4-2. The test was carried out at the University of Nottingham in
May, July and August where the sky conditions are relatively stable. Time
was selected in the middle of the day between 10 a.m. and 3 p.m. The
validation method of this study is based on the interconnection of three
main parts; the physical part which contains the hardware and all physical
controllers, the digital part which contains the software and all digital
controllers, and the measurement part which contains the sensors and the

measurement devices.

Figure 4-2: 1:20 scaled prototype for daylighting sylidi
4.2.1 The physical part of the prototype

1. The Parametric Louver

The parametric louvre consists of aluminium slats covered with mirrored
film with 75% reflectivity. The louvre was installed at the upper part of the

window as seen in Figure 4-2. Rotation of the slats were actuated by a

micro-servo motor.

2. Micro servo motor

As an actuator in the control of motion, the micro servo motor used with
the prototype is brand “9g Micro Servo Motor (4.8V)". Its accuracy is 1
degree, and it can rotate up to 180° in one direction. As mentioned
previously, a set of slats can be actuated with a single micro-servo motor

theoretically, however, for better balance, two micro-servo motors were
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fixed at the two ends of each slat to control its rotation. The signal for a
required rotation degree is delivered from an electronic board known as

Arduino board.

3. Arduino board description

Arduino is an open-source electronics platform based on easy-to-use
hardware and software, and it has been utilised in many fields due to its
distinctive capabilities and low cost. It is a microcontroller based on
Integrated Circuits and has been mainly exploited to control micro servo
motors and robotic kits. Arduino can be therefore used as a mediator
between the digital simulation and the real model. ‘Arduino MEGA 2560’
was chosen in our study due to its capability to control several parameters
[283]. It has 54 digital binary codes (1/0) pins and 16 analogous
inputs/outputs [284]. In our experiment, Arduino MEGA 2560 is attached
to an expansion shield known as "DFRobot Mega” as shown in Figure 4-3,
which facilitates a connection to the Micro Servo Motor. It is utilised to take
all the information and data from the computer and deliver them to the

actuators via an algorithmic software called Firefly.

Figure 4-3: The expansion shield on the left side is attached to the Arduino MEGA 2560 board in the middle to form
the final shape of the board on the right side

4.2.2 The digital part of the prototype

The connection between the computer and the Arduino board is a
physical connection using the USB connection. Behind the computer
screen, this connection translated to Grasshopper and Firefly as shown in

Figure 4-4. Firefly is an open-source software plugin and can be
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downloaded as a plugin in Grasshopper (refer to section 3.2.1) to serve as
a bridge between Grasshopper and the Arduino microcontroller [285]. The
interface components of Firefly is a translation of the Arduino board’s
input/output pins [129]. It allows the components of Grasshopper to open
a connection to the serial port, read the rotation angles in Grasshopper,
and deliver it out into Arduino. In general, Arduino must be defined to the
computer in order to send and receive data from Firefly via a novel

communication protocol called “Firefly Firmata” [286], see Figure 4-4

Grasshopper processing
(angles rotations)

Firefly Firmata
(protocol)

Figure 4-4: Connection process from the computer to Arduino via Firefly Firmata protocol

4.2.3 The measurement part

Two photosensors were used inside the prototype to detect the
illuminance level over the floor; the sensor height is 3 cm from the floor;
the first one was set 5 cm away from the window, and the other sensor set
5 cm away from the back wall, as shown in Figure 4-5. Both sensors were
connected to two lux meters to display the illuminance level individually.
It should be considered that test points in the Grasshopper represent the
photosensors in the prototype. Two lux meters (HAGNER LUXMETER,
MODEL E2-X) were connected directly to the photosensors to read the

illuminance level inside the room, see Figure 4-5.
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N

Figure 4-5: The sensors positions inside the prototype

4.2.4 Limitations of the experimental design

1. Addition of fixed shade
A single shading plate was fixed directly under the lowest mirrored slat
[279] to absorb any downward or leaked light to avoid potential glare near

the window [274], as shown in Figure 4-6.

.....

........

Daylight coverage 90% with a shading plate
Figure 4-6: A single shading plate adjacent to the Parametric Louvre System

2. Number and size of the slats

For the full-scale model, the number of slats in the simulation was set
to 10; the dimensions were supposed to be 12m length, 15cm width and
3mm thickness. However, when rescaling these parameters to match the
prototype size 1:20, the results were inaccurate due to its small size.
Rescaling and cutting a mirrored stainless steel to 7mm width and 60cm
length influenced badly on its shape properties, which became like a spiral
shape, in addition to its surface which became concave. Moreover, it was

difficult to fix and rotate a fragile slat along the 60cm length, which resulted
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in a zigzag reflection over the ceiling, see Figure 4-7. To improve the
accuracy control; number of slats was changed from 10 to 3 and the
dimension of each slat was changed to be 3 cm wide (equivalent to 60cm
in the full scale) and 2 mm thick with the same length 60 cm. Polished
aluminium slats (with 75% specularity) were replaced with the stainless

steel slats due to their strength and lightweight, see Figure 4-2.

Figure 4-7: The initial setting of the prototype with ten mirrored slats

It should be considered that the number and size modifications of the
slats would not influence the function of daylighting performance and its
validation as long as the settings in the simulation are adjusted
accordingly. Both parameters were examined in the simulation in order to
produce the same result and performance as shown in Figure 4-8.

By examination, the simulation with ten slats and 0.7cm width was
giving daylight coverage average 92% on the 21t of June at noontime.
Meanwhile, changing the number of slats to 3 with a specific equivalent
distance (2.7 cm) [247] between them and 3 cm width was giving almost
the same daylight coverage average 92%, see Figure 4-8. The percentage
value here represents the percentage coverage area with the daylight
illuminance between 300-500 Ix, which was chosen according to the

European and CIE standards [16].
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Daylight coverage 92% with 10 slats Daylight coverage 92% with 3 slats
Figure 4-8: Daylight coverage for 10 and 3 mirrored slats, respectively

It should bear in mind that this chapter focuses only on validating the
performance of the PLS regardless of the intensity level of the daylight.
The bottom window accordingly was also ignored in this test and replaced

with an opaque surface, while it will be discussed in Chapter 5.

4.2.5 Sky conditions

Three main sky conditions were studied for the simulation, clear sky
with sun, intermediate sky and overcast sky [287]. The analysis of Daylight
hours for the location of Nottingham reveals that the sky is clear,
intermediate and overcast during 17%, 47% and 34% of the year
respectively, based on the criteria in Table 4-1 [33]. The study uses

Radiance for daylight analysis via Ladybug components in Grasshopper.

Table 4-1: Sky types

CIE sky type Condition
Clear Direct normal irradiance is more than 200% of diffuse horizontal
Intermediate Direct normal is between 5% and 200% of diffuse horizontal
Overcast Direct normal is less than 5% of diffuse horizontal
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4.3 Monitoring results of the Parametric Louvre at different
times and dates

Firstly, the results have been monitored in random days in May, July
and August to evaluate the system’s performance in the long term. Then
the simulation results have been validated with the prototype results by
choosing specific days with different sky conditions. Daylight hourly
monitoring has been made inside the prototype in May, July and August in
different chosen days when the sky condition is steady, between 10 a.m.
and 3 p.m., see

Figure 4-9, Figure 4-10 and Figure 4-11. A predominant illuminance
level is seen between 300~600 Ix. Sky conditions at this green illuminance
range were varying between intermediate and overcast. While the
illuminance levels ranging between 600 - 1500 Ix are relatively higher due
to the influence of direct solar radiation in the bright sky condition.

In terms of the uniformity of daylight distribution, the automated louvre
system provided a satisfactory performance and partly met our design
expectation. Although, the recommended illuminance level for visual
comfort in office buildings supposed to be between 300~500 Ix according
to CIE standards [16, 34, 288], howerver, a previous study [45] claimed
that lighting level between 100~2000 Ix could meet human visual comfort
based on occupants’ survey. Therefore, if the illuminance range 100~2000
IXx considered as an acceptable range for occupants, the proposed
Parametric Louvre system can be considered as a promising application in
office buildings to save electrical energy. As mentioned previously, this
study is focused only on validating the distribution performance of the

Parametric Louvre regardless of the intensity level of the daylight.
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Figure 4-9: Daylight hourly monitoring in May on random days between 11 a.m. and 3 p.m.
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Figure 4-10: Daylight hourly monitoring in July on random days between 10 a.m. and 3 p.m.
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Figure 4-11: Daylight hourly monitoring in August on random days between 1 p.m. and 3 p.m.
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4.4 Validation of the Parametric Louvre

The examination has been performed to validate the results of the
prototype with the simulation results in Grasshopper by comparing the real
illuminance maps with the rendered maps in the simulation. The real
illuminance maps of the test were captured by using an action camera
inside the prototype, then, an effect of “light-scale gradient” was applied
on the maps to produce the HDRI illuminance maps as shown in Table 4-2.
This effect can change a real map with normal colours to false colour map.

HDRI maps in were generated in Grasshopper by using "Honeybee False
Color” component, valued in luminance cd/m?2. The luminance performance
of the daylight can be seen in the bluish colours in the maps, where, the
blue colour means more intensity and the purple colour means lower
luminance levels. Luminance levels in the prototype were ranging between
50~2200 cd/m?. However, for light intensity measurements, illuminance
(Lux) values are preferable for such study [53, 258, 289].

In Table 4-2, under the sunny conditions, the recorded values at the
back and front sensors in the prototype were 1385 Ix as a minimum value
and 1460 Ix as a maximum value respectively, which considered relatively
high. Under the overcast sky condition, the illuminance values were
ranging between 300 - 570 Ix, which is considered satisfactory. The reason
behind this balance reveals beyond the type of illuminance coming from

the skydome as a contribution of diffuse radiation based on Table 4-1.
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Table 4-2: A comparison between the HDRI maps in the prototype and the simulation as a validation study, in

addition to the daylight analysis map to indicate the illuminance values.
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In Case “1” the effect of direct solar radiation revealed on the ceiling
near to the window which accordingly increases the illumination of the
room, due to the influence of direct sunlight. In this case, the simulation
recorded; 1140 Ix at the back and 1450 Ix at the front, which are equivalent
to the sensors’ records; 1385 Ix at the back room and 1430 at the front,
respectively. In Case “3”, the simulation recorded; 974 Ix back and 1211
Ix front, which are equivalent to the sensors’ records; 850 Ix and 1150 Ix
back and front, respectively.

An illuminance difference can be noticed between two sky conditions
Case “"4” and Case “1” due to the contribution of diffuse light from the
skydome according to Table 4-1. In Cases "5 & 6” due to the overcast sky
condition, the mirror slats reflect only the diffused light caused by the
skydome, which accordingly conducted a moderate illuminance distribution
inside the room. Cases “2 & 4" are relatively similar to Cases "1 & 37,
respectively, due to their similar conditions.

Overall, the values resulted from the sensors were relatively close to
the values in the simulation, which considered a promising outcome for
such a validation study. The white matt surfaces of the walls and ceiling
were playing an essential role in the daylight illuminance distribution inside
the room due to their diffuse reflection, particularly when daylight is
reflected onto the ceiling, which acts as a source of light to the room. For
instance, the first quarter of the ceiling is responsible to lit the first 2/3
part of the room as seen in Table 4-2. While, the end corner of the ceiling
within the wall at the back is responsible to lit approximately the last 1/3
part of deep inside the room [140]. Whereas, the wall acts as a second

reflection to the room, see Table 4-2 (top view maps). This analysis aims
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to find a compromise between these two illuminated areas to keep within
an accepted range [273]. Direct solar radiation and diffuse horizontal
radiation are changing and varies based on the location type and climate
classification [22, 290], which influence as well on the illuminance level

inside the room.

4.5 Summary

Parametric Louvre has been introduced in this chapter as a prototyping
model for validation purpose. The study has followed a typical procedure,
starting with Grasshopper as a parametric control tool and ending with the
final physical prototype and its validation.

Validation is a crucial step to assess the performance of the proposed
system. The test results indicated that the proposed system succeeded to
provide a relatively uniform distribution of daylight. This validation study
was performed for two main aims, to validate the system’s performance
and demonstrate its practicality as a control method. The first aim focuses
on the capability to distribute the daylight inside the room with respond to
the sun movement. Compared to static systems which cannot provide
uniform daylight inside the room and even the automated shading systems
which only used for protection from direct sunlight, the parametric louver
system can successfully achieve both functions by providing steady
uniform daylight and simultaneously protect from direct sunlight. The
second aim focuses on the ability to execute and control such a system by
using small actuators and simple electronic board.

This validation was performed by using a mediator known as “Arduino
board” between the prototype and the parametric control of Grasshopper

(digital to the physical world). Different kinds of tools can be connected to
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the Arduino such as sensors, monitors, micro-servo motors and actuators
based on the needed role. Overall, the simulation outcomes were
promisingly close to the sensors values in the prototype within a
reasonable difference. This validation study will be used as a steady base
to use ‘Arduino board within the actuators’ as a controlling mechanism
method, in addition to a step forward to improve the performance of such
system via applying integrated parametric control which will be discussed

in the next chapter.
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Chapter 5 Combining the Parametric Louvre
with Advanced Glazing and
Chamfered Ceiling for Better
Daylighting Uniformity

5.1 Introduction

Advanced louvres and other types of shading devices [12] are used to
maximise the benefits of daylight [68], reduce solar heat gain in the
summer, [291] save energy[71, 292], provide visual comfort and improve
the occupants’ efficiency [4, 258]. However, a previous study revealed that
80 - 90% of respondents believed that conventional window blinds are
used only as a shading device to protect from excessive light more than
thermal comfort and energy saving [293]. It has been found that using
automated blinds can reduce the users’ behaviour of turning on the electric
light, which can save electrical energy up to 30% due to the utilisation of
daylight [258]. In order to improve daylight penetration; reflective shelves
[56, 248] and optical louvre systems (OLS) [137] have been used as Light
Guiding System (LGS) to redirect sunlight into the deep interior of a
building. Likewise; advanced type of smart-glass [294] such as
Electrochromic (EC) and Thermochromic (TC) glazing, which also known
as switchable glasses, are used as a Fenestration System (FS) to protect
from glare and heat gain inside a room [295]. It is essential to keep the
daylight within an accepted range for visual comfort [296] to control the
occupants' interaction with the window shadings [293]; therefore,
switchable windows can be used to adjust the interior daylight illumination

level according to solar radiation intensity.

115



PhD thesis by Ahmad Eltaweel, 2019 Chapter 5

Although daylight penetration has been improved to various extents
with those reported daylighting designs [297], the desired uniform
distribution of daylight inside a room remains a challenge. EC and TC
glazing in the current study will be utilised within the Parametric system to
control and enhance the penetration of solar radiation inside the building
[266] near to the window. Moreover, a simple shift will be added to the
ceiling shape to improve the illuminance distribution at the deep-end of the
room. Therefore, this chapter endeavours to integrate between; the
Parametric Louvre, the advanced windows and the ceiling shape, aiming to
maximise the use of daylight inside the building and to achieve daylight
uniformity distribution within illuminance range of 300~500 Ix [16, 17].
The proposed system will be introduced in Section 5.2, while the
combinations of these elements will be studied in five phases. Each phase
will be investigated individually to identify the most suitable combination
aiming to reach the desired daylight distribution. The performance of each
element will be clarified in comparison in Section 5.3 at specified dates and

then throughout some selected months [273].

5.2 Modelling method of the proposed system in an example
office room by using Grasshopper

A south-oriented example office room is modelled with 4 m height, 7 m
depth and 18 m length. The slats were set at the upper portion of the
window between 2.2 m and 4 m height from the floor. A mirrored surface
was added to the slats at the upper side with 70% reflectivity, while the
bottom side of the slats is black matt painted with 0% reflectivity to absorb
any specular light coming from the mirrored side of the following slat, and

decrease any potential scattered light [248, 274]. Walls were set to white
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matt with 80% reflectivity, while, the floor was set to dark matt with 0%
reflectivity to absorb any potential reflections. Daylight illuminance will be
measured using test points created in Honeybee, refer to section 3.2.1.
The test points were set at desk level 70 cm high from the floor to measure
the illuminance values at this level [16]. The grid size of the test points
was set to 0.5 m, i.e. four points each square meter, as shown in Figure

5-1. EPW weather file was used for the location of Cairo in Egypt.

Figure 5-1: The test points distribution, top view exported from Rhinoceros 3D (Left), perspective view (Right)

5.3 Evolution phases of the integration between the
Parametric Louvre with the advanced glazing and the
chamfered ceiling by using parametric design

Daylight performance inside the room will evolve through five phases
via changing parameters and adding elements, aiming to achieve better
daylight distribution, see Tabl/e 5-1. Firstly, the comparison will use a fixed
time and date at 12:00 p.m. on the 21st of September, in order to
demonstrate the modelling method and to understand the phases from a
precise ray-tracing study [247]. The chosen time and date represent
equinox time, where, sun rays can give moderate tendency, meanwhile,
count of slats were set to 12 based on sun altitude. Later on, time and date
will be changed, in order to reveal the suitability and efficiency of the
system at different times and dates throughout the year. It would also be

seen that the number of slats will be adjusted for different months.
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Table 5-1. List of modelling phases (changes between the phases appear in red italic).

Phase louvre type ZII);?sd Glazing Chclrir:ifﬁred Rendered image, exported
number yp - addition ng from V-ray (3D Max)
addition addition
Phase 1 Conventional No No No
louvre
Parametric
Phase 2 normal Yes No No
louvre
Parametric
Phase 3 reversed Yes No No
louvre
Parametric
Electrochro
Phase 4 reversed Yes mic glazing No
louvre
Parametric Electrochro
Phase 5 reversed Yes . . Yes
mic glazing
louvre

5.3.1 Phase 1; using conventional louvre

In Phase 1, the slats’ width of the louvre was set to 10 cm and 0° tilt
angle at their conventional shape, which is considered the best state of
utilising daylight [278], putting in consideration the influence of specular
and diffuse light coming from the louvre and the skydome [274]. The
louvre is not controlled parametrically, so the reflected light would not go

to any specified points as expected in the other modelling phases. In other
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words, the louvre in this phase is static and not responding to the sun
movement similar to the Optical Louvre System (OLS) [137], therefore, as
long as the sun moves; the light will be reflected to different points on the
ceiling, unlike the fixed target points for the parametrically controlled
louvre in the other modelling phases. The lower portion of the window
under the louvre was opaque in Phase 1, 2 & 3 to demonstrate particularly

the effect of the reflected light produced by the louvre.

5.3.2 Phase 2; applying parametric control to the rotating louvre

with the addition of fixed slats shade

The louvre in Phase 2 was set parametrically to respond to the sun
movement, where, reflected light is redirected to some specific targets on
the ceiling wherever the sun moves (this method was demonstrated in
section 3.2.2) [247]. In this phase, fixed slats were added to the rotating
mirrored louvre (as a protrusion) in a parallel direction with the reflected
beams and connected through the rotation axis, as shown in Figure 5-2.
These fixed slats are black matt painted with 0% reflectivity with 25 cm
length, to absorb any potential scattered light. Because, the study focused

on the influence of the redirected light only.

Slat protrusion

Figure 5-2: Detailed cross-section for the fixed slats shade.
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In Phase 2, the louvre reflected the sunlight to the ceiling in a typical
sequence, that is, the uppermost slat reflects light to the closest point from
the window, and the second slat reflects light to the next target further
from window, et cetera, as shown in Figure 5-2. The targets were specified
parametrically in Grasshopper at some fixed points on the ceiling. That
means as long as the sun moves, the louvre will respond to its movement
in a Heliotropic response [21], to reflect sunlight to the fixed targets.
Distance between the targets are equidistant, the first target is 240 cm

away from the window, and the last target is 50 cm away from the wall.

5.3.3 Phase 3; reversing the slats’ targeting of the rotating louvre,

parametrically
The settings in this phase are similar to Phase 2, except for the slats’
targeting sequence, which was reversed parametrically, that is, the
uppermost slat reflects light towards the farthest point from window (the
closest point to wall) and the lowermost slat reflects light to the target

point closest to the window, etcetera, see Figure 5-3 and Table 5-1.

Figure 5-3: Side view of the reversed targeting sequence.

5.3.4 Phase 4; Adding Electrochromic and Thermochromic

windows to the Parametric Louvre
In addition to the previous phase, an Electrochromic (EC) glass [298]
was added to the lower portion of the window below the louvre, as shown

in Table 5-1. EC window is an advanced type of switchable glass. It has
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been chosen for this study because of its significant function of light
transmission control which can transfer from transparent to translucent
state [252, 266, 294] by a small applied voltage between double glazing
void [266] or electronic pulses applied to thin film attached to the window
via operator controller. EC window will work as a source of diffuse light to
lit the area near to the window within 2 m depth [299]. The amount of
diffuse light provided by EC window is controlled parametrically in
Grasshopper [295] based on the needed amount of illuminance, which was
assigned between 300 ~ 500 Ix and adapted by using test points at the
desk level.

The adaptation process will be specified by using a specific component
in the Honeybee plugin called "Honeybee Translucent Material” [300]. This
component has several parameters such as ‘reflectivity, specularity, diffuse
transmission and roughness’. Whereas, "Diffuse transmission” is
responsible for the translucency function. Diffuse transmission can be set
between 0.01 (almost opaque) and 1 (transparent), while any value in-
between specifies the transmittance amount. A formula was created in
Grasshopper to control daylight penetration (solar intensity). The formula
represents a relation between diffuse transmission and solar radiation
intensity. Following many trials, the diffuse transmission of translucent
material was determined at 0.01 ~ 0.07 (as a translucency level), in order
to control the daylight illuminance within 300 ~ 500 Ix at the adjacent area
to the window, under the prevailing clear sky condition in New Cairo. For
instance, if solar radiation is 790 W/m?2; the diffuse transmission will be
automatically set to 0.01, so the daylight penetration will be reduced from

20,000 Ix to 400 Ix.
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EC materials can be altered and adjusted automatically via using a
dimmer controller in order to control the solar energy transmittance [301],
which accordingly is controlled parametrically in our case using
Grasshopper within the whole system [273] aiming to stabilise the
penetrated illuminance level at the desk level between 300 ~ 500 Ix.

Thermochromic window has been added at the upper part of the window
to control the intensity penetration of solar radiation. (TC will be

investigated in Chapter 7)

5.3.5 Phase 5; adding a chamfered ceiling to the Parametric

Louvre

In this phase, the integration of all phases is completed after applying
a simple modification to the ceiling. This modification revealed in a
chamfered section added at the farthest end of the ceiling, as shown in
Figure 5-4 (Bottom). A previous study by A. Freewan [140] proved that
adding a curved shape to the ceiling at the end of the room can improve
light distribution up to 10%. In our study, the results show that chamfered
ceiling is giving better distribution by approximately 3% more than the
curved ceiling, while it acts as a second diffuser reflector, as shown in
Figure 5-4. Furthermore, the chamfered ceiling is more practical and more
manageable in installation. The chamfered ceiling was installed at the end
of the room at a 45° angle with the ceiling.

To summarise, the integration between the previous five phases can be
considered as an “Integrated Parametric Louvre” as an upgraded phase of
the “Parametric Louvre”, which can dramatically maximise the use of

daylight inside the building.
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Figure 5-4: Comparison between the curved and chamfered ceiling, using raytracing and test points. The curved
ceiling results in 86% area between 300~500 Ix (Top), while the chamfered ceiling results in 88.6% between
300~500 Ix (Bottom).

5.4 Comparison study between the phases of the Integrated
Parametric Louvre on the 21st of September at noontime

A comparison study has been illustrated in Figure 5-5 with two analysis
criteria, raytracing analysis and illuminance map at the desktop level,
aiming to determine the percentage area coverage for the required daylight
ilumination between 300 ~ 500 Ix. It is worth to mention that the
raytracing analysis is for illustration only, and does not mean specular
reflective surfaces. It can be observed in Figure 5-5 Phase 1 that almost
100% of the room at the desktop level exceeding 1000 Ix at the chosen
date and time. The reason for this excessive amount of light is the high
intensity of solar radiation which increases the scattered light, and then
produces an excessive illumination. Therefore, the slats should be set to
45° tilt angle to block off sunlight completely and allow diffuse light
penetration only as shown in Figure 5-6. However, even so, this leads to a
noticeable contrast in daylight distribution with a much brighter pattern

near the window, as seen in Figure 5-6 (Right). Although all rays were
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blocked, daylight analysis revealed irregular distribution, starting from

1000 Ix near to the window and ending with 200 Ix near to the wall.

Phase 1

Phase 3

Phase 4

Phase 5

Figure 5-5: side view, illustrating raytracing study; starting from the top with conventional slats, and ending with the
Parametric sequence-reversed louvre with EC window and chamfered ceiling, respectively (Left). The percentage
coverage area for the daylight illuminance range between 300 - 500 Ix (Right).
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In Phase 2, daylight illuminance distribution gives acceptable value of
46.6% coverage for the daylight illuminance range of 300~500 Ix, due to
the parametrically rotated slats, in addition to the added fixed slats which
helped to shade any excessive light at the area near the window. The
results of daylight distribution were achieved mainly from the reflected
light. In Phase 3, a fundamental change can be observed in the raytracing
due to the reversed targeting sequence, in addition to the difference in
daylighting coverage which increases from 46.6% to 49.7%, resulted an

improvement in daylight distribution at the given ranges 300 ~ 500 Ix.

Figure 5-6: Conventional slats with 45° tilt angle (Left) side view, (Right) top view.

In Phase 4, 28% enhancement has been achieved after adding the
electrochromic window, which influenced the coverage area near to the
window, via providing sufficient amount of daylight at this area.
Consequently, daylight coverage area increased in this phase to 77.9%,
which considered a significant improvement compared to the previous one,
as shown in Figure 5-7.

In Phase 5, a full distribution is covering the whole area after adding
the chamfered ceiling, which achieved 87.5% area coverage for the
daylight illuminance range of 300~500 Ix. The chamfered ceiling in this
phase has an obvious impact on the illumination at the deep area of the

room by 10% improvement compared to Phase 4, as shown in Figure 5-5.
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Coverage percentage between 300 - 500 Lx

Phase 5:300 - 500 Lux I 37.5%
Phase 4:300-500 Lux . 77.9%

Phase 3: 300 - 500 Lux 49.7%

Phase 2: 300 - 500 Lux 46.6%

Phase 1: 300 - 500 Lux 0.0%

0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0% 90.0%100.0%

Phase 1: 300 - Phase 2: 300 - Phase 3: 300 - Phase 4: 300 - Phase 5: 300 -
500 Lux 500 Lux 500 Lux 500 Lux 500 Lux

B Coverage percentage over 300

Lux 0.0% 46.6% 49.7% 77.9% 87.5%

Figure 5-7: Bar graph showing the coverage percentage between 300 ~ 500 Lx for the five phases on September
21% at noontime.

5.5 Comparison study for the Integrated Parametric Louvre
during the working hours on the 21st of each month from
June to December

Further comparisons were made for these five phases on the 21°t of the
months from June to December, respectively, during the regular working
hours. In these comparisons; the number of slats and their tilt angle were
changed parametrically, according to the changes of solar trajectories in
different seasons. In winter, sun altitude is lower than in other seasons,
and solar radiation is relatively weak. Therefore, the number of slats should
be increased in order to prevent the penetration of sunlight due to its low
inclination at this time, and simultaneously reflect larger amount of
daylight to compensate the weakness of solar radiation [22]. For the
latitude of new Cairo, the sun altitude reaches 83° at the zenith in the
summertime in June [290]. As well, the first target point on the ceiling
needs to be changed parametrically to 40 cm away from the window in
November and December in order to compensate solar radiation weakness
at the deep room area, while the EC window transmittance was increased

to allow more daylight.
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Figure 5-8: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21% of
June
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Figure 5-9: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21% of
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Figure 5-10: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21% of
August
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Figure 5-11: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21 of
September
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Figure 5-12: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21 of
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Figure 5-13: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21% of
November
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Figure 5-14: Coverage percentage for the daylight illuminance range of 300 - 500 Ix during working hours on 21% of
December

Generally, it can be seen that the electrochromic window and chamfered
ceiling playing a crucial role in improving daylight distribution during the
working hours, especially at the first and last hours. For instance, at 9 a.m.
and 3 p.m. on the 21t of September, there is almost no direct sunlight
shining on the south-facing window, and the Integrated Louvre delivers
limited daylight at the time, so this lack of direct sunlight can be
compensated by the diffuse light from the EC window.

During the working hours, the design of Phase (5) is providing relatively
constant distribution from 10 a.m. to 3 p.m. with a percentage area
coverage of 70 ~ 80%. Then this coverage is strongly stooped till reaching
0% at 5 p.m. At 9 a.m. around 40% of illumination covering the desktop
area, accordingly, electrical light can be used to compensate the lack of
natural daylight, and the electric light should be then gradually swished off
till approaching 10 a.m. On the contrast, at 4 p.m., 50% of electrical light
can be used to compensate the diminishing of daylight, then this backup
should gradually increase to 100% at 5 p.m. Therefore, we can deduce

that electrical light should be used partially only in the first and last two
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hours of the day for the location of Cairo. Accordingly, using the proposed
integrated design can save the lighting electricity consumption up to 80%
during the working hours.

It can be seen in Figure 5-8 that the influence of the reflective slats is
relatively evident in June, when the sun altitude is almost at zenith,
therefore, the slats are playing a significant role in collecting more sunlight,
as revealed in Phase 3 in Figure 5-8, which is giving higher values
compared to the following months. On the other hand, in October,
November and December, the design of Phase (5) is more relied on the
use of the EC window and chamfered ceiling as shown in Figure 5-12,
Figure 5-13 and Figure 5-14, where, solar altitudes are dramatically low,

especially at 9 a.m. and 4 p.m. and accordingly produces lower Intensity.

5.6 Analysis discussion for the Integrated Parametric
Louvre

When analysing the “False colour fisheye maps” in Figure 5-15, we can
observe that light distribution in Phase 2 is more uniform than Phase 3 at
the first impression, however, light distribution on the ceiling is not our
purpose. The reflected light striking the ceiling surface shows a somewhat
strong effect in Phase 3 comparing to Phase 2, which contributes better
distribution of daylight at the desk level. Additionally, it can be observed
in Phase 2 in Figure 5-15 a blue area on the wall, which means that the
wall absorbed the reflected light on the ceiling as a second bounce rather
than to the working area. While, the blue area on the wall in Phase 3 is
relatively weak and faded, which means that the reflected light is more

concentrated onto the horizontal area.
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Phase 2 Phase 3

Figure 5-15: False-colour fisheye maps exported from Honeybee plugin; showing the reflected light distribution on
the ceiling. Phase 2 (Left), Phase 3 (Right).

Regarding the sequence of the louvre; the reflection from the lowermost
slat in Phase 2 may have a risk of being blocked by any obstacles in the
room, while it is the closest slat to the occupants. However, in Phase 3 this
issue was relatively solved by reversing the targeting sequence
parametrically, which means that the uppermost slat will reflect light to the
farthest target point on the ceiling with little risk of blocking, and likewise
for the next slats respectively.

Excluding Phase 1 from the design, we can observe that the edges and
corners in the room are relatively dim, due to the interception of light by
the walls and the so-called penumbra effect [156] which may somewhat
also influence on this illuminance reduction. These small areas near to the
edges can be ignored because the occupants rarely use them in general
workstations [302], which is usually half of a meter away from the walls.
Accordingly, if the edges and corners which is around 12% of the total floor
area were ignored in daylighting evaluation, the percentage area coverage
for the daylight illuminance range of 300 ~ 500 Ix would reach 100% for

even more number of working hours. Therefore, it is reasonable to neglect
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those edge areas in daylighting evaluation in order to give a more
reasonable result for the office room.

Overall, each element in this integrated daylighting system has a
significant utility for a specific time and function. Each element can perform
higher in sometimes, to compensate for the weakness of the other
elements at other times, and vice versa. Therefore, the combination of

different utilities contributes to achieving a better distribution of daylight.

5.7 Summary

Chapter 5 investigated a combination between different architectural
elements parametrically, in order to achieve more uniform daylight
distribution inside an example office room, with New Cairo chosen as a
location for the case study. The proposed design has been identified
through a multi-step comparison study employing parametric design
approach, aiming to improve the daylight distribution within the usable
range of 300 ~ 500 Ix. The first phase starts with fixed shade slats, and
the daylighting system was then upgraded to the automated slats in Phase
2. Then the slats targeting sequence was reversed in Phase 3, which has
slightly improved daylight distribution. In Phase 4, an EC and TC glasses
have been added to the lower part and upper part of the window to control
the penetration of daylight parametrically, resulting in a noticeable
improvement in this phase. Finally, a chamfered ceiling was added in the
interior design to complete the integrated system in Phase (5). The whole
system was integrally connected and controlled parametrically using
Grasshopper as a parametric software based on Rhinoceros 3D.

The first part of this chapter covers the detailed designs for the five

phases at a specific time and date, in order to clarify the raytracing
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distribution from the results and daylighting analysis. Then the following
part reveals daylight performance for seven months from June to
December on the 21t of each month during the working hours, to give a
more comprehensive comparison.

The integrated designs in Phases (4) and (5) succeeded to improve
daylight distribution inside the room by achieving an average 80% of the
area coverage for the daylight illuminance range of 300 ~ 500 Ix for most
of the working hours. By neglecting the edges and corners of the room
while they are not usually used; the percentage area coverage for the
required daylight range can be even higher by an additional 10%.
Accordingly, this integrated system based on parametric control is
expected to save up to 80% of electrical lighting energy consumption.
This chapter focused on improving daylight distribution in a south-oriented
deep-plan room in New Cairo by using Integrated Parametric Louvre. The
following chapter will investigate the Integrated Parametric Louvre

performance throughout the year in different orientations.
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Chapter 6 Evaluating the Integrated
Parametric Louvre in different
orientations and throughout the
year

6.1 Introduction

In buildings, daylighting is a primary source of lighting and a special
element in enhancing architecture [36], which is improved recently by
using advanced tools, software, and innovative daylighting systems [75].
Such new systems are using several methods [12, 123] based on different
criteria such as type of building, location, orientation, and climate changes
[22].

This Chapter will investigate the capability of providing daylight in an
example office room in different circumstances, by using the preceding
Integrated Parametric Louvre based on parametric control. Such a system
was investigated previously in Chapter 4 in a South oriented room in Egypt
[273] and succeeded to achieve more than 80% of daylight availability
during the working hours. The current Chapter will examine the
performance of the system in different orientations, and then investigate
the efficiency of this system throughout the year during the working hours
in a different location such as the UK territory.

The method of this study, as usual, is based on parametric control using
Grasshopper [263] for Rhinoceros 3D [262]. As mentioned formerly,
Grasshopper is a flexible algorithmic software that can deal accurately with
complex relations. The study will focus on the efficiency of provided
daylighting by using this Integrated Parametric Louvre via analysing

multiple comparisons, which can reveal the amount of energy saved [279].

134



PhD thesis by Ahmad Eltaweel, 2019 Chapter 6

6.2 Model description of the Integrated Parametric Louvre
and Conventional Static Louvre for a comparison study

The proposed system has been applied in an example office room in
Birmingham location in the UK, by using the EPW weather file and

comparing it with a conventional louvre system in the same conditions.

1. The room design

The room dimensions are 18 m length, 8 m depth and 4 m clear height.
Global horizontal radiation was used for the examination as a source of
solar radiation measurement, and Climate Based Sky was used for the sky
type to create the real condition of the ambient, where, the sky is not
expected to be clear during the year in such type of territory. The
experiment depends on two primary sources of light; firstly, the direct
light, which is coming from sunlight with a clear sky that should be
exploited by the reflective slats, and secondly, the diffused light coming
from the skydome and clouds that should be exploited by the window. The
slats are located at the upper part of the window from the outside, with

2.2 m height from the floor.

2. The Conventional Static Louvre (CSL) design

The Conventional Static Louvre (CSL) is a static system that consists of
external aluminium slats, which arrayed vertically in a fixed sequence with
zero tilt angle, the distance between each slat is 15 cm with 1 cm thickness

and 15 cm depth, and assembled outside of the window.

3. The Integrated Parametric Louvre (IPL) design
The proposed Integrated Parametric Louvre (IPL) uses three main tools

based on Chapter 4 [273]. The first tool is the “mirrored slats” with 75%
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reflectivity, the switchable windows and the chamfered ceiling with 45° tilt
angle, see Figure 6-1. The number of slats was set to 10, with a fixed
distance between each base on the threshold height of 2.2 m. Each slat is
15 cm depth, 1 cm thickness, and 18 m width to cover the room facade.
The reflected light over the ceiling was set to fixed targets where the
closest target is 3 m away from the window, and the farthest target is 7.4

m from the window.

Figure 6-1: The proposed integrated parametric louvre, showing the three main tools (Rendered in V-Ray for 3D
MAX).

6.3 Comparison criteria between the Integrated Parametric
Louvre and the Conventional Static Louvre in different
orientations

A comparison study has performed between two different systems; the
IPL and the CSL. The office room will be examined in five different
orientations; West, Southwest, South, Southeast, and East by using unified
criteria, as shown in Figure 6-2. The daylight performance test will be
performed on each orientation during the working hours from 9 a.m. to 5
p.m., on the 21t of June, 21t of September and 215t of December. The
test will measure hourly coverage percentage of daylight over the whole
room area, by using a one-meter square grid of test points at the desk

level 0.75 m height. The experiment was tuned to achieve the illuminance
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range 300 ~ 500 Ix based on the guidance of the Chartered Institution of
Building Services Engineers (CIBSE), a professional institution for lighting
guide in the UK, which recommends the range of 300 ~ 500 Ix as a
standard daylighting level for offices spaces [303] and human visual
comfort [16]. On the other hand, previous research claims that lighting
level between 100~2000 Ix can meet human visual comfort based on
occupants’ survey [45]. However, our study will focus on using the lighting
level standard of 300~500 Ix, putting into consideration the potential of
scattered light and glare effect. Meanwhile, if we consider 100-2000 Ix as

a useful range for occupants, our study should be on the safe side.

[T1

Figure 6-2: The five different orientations of the office room.

In Section 6.4, the test will be performed during the working hours from
9 a.m. to 5 p.m. throughout the year on the South orientation, by using
the integrated system. The test will clarify the illumination average per unit
area by using radiation metrics Wh/m2. Then, the results will be compared
to the standard radiation needed for the office room by using EnergyPlus,
which calculates 4.8 Wh/m?2 as a recommended luminous for the selected

office room within the applied conditions.
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6.3.1 Daylight coverage percentage analysis for the IPL and CSL
on the 215t of June, 215t of September and 215t of December

The daylight analysis has been performed from 9 a.m. to 5 p.m., via
using CSL and IPL at the south orientation only to clarify the simulation
process and to understand the difference in coverage range between the
two systems. The accepted range should be between 300~500 Ix for

human visual comfort.

21t of June 21st of Septembre 21st of December

4 pm 3pm 2 pm 1pm 12 pm 11 am 10 am 9 am

5pm

Figure 6-3: Daylight coverage percentage analysis during the working hours using the CSL for a south-oriented
office room on 21% of June (a), 21% of September (b), and 21 of December (c).
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21st of June 21st of Septembre 21st of December

10 am 9am

11 am

12 pm

1 pm

4 pm 3pm 2 pm

5pm

Figure 6-4: Daylight coverage percentage analysis during the working hours using the IPL for a south-oriented office
room on 21 of June (a), 21% of September (b), and 21 of December (c).

The daylight coverage percentage by using both systems in Figure 6-3
and Figure 6-4 are summarised in the following diagrams. It can be seen
in Figure 6-5 that daylight coverage percentage within the CSL did not
exceed 28% of the recommended range 300~500 Ix during the daytime in
all months. However, in Figure 6-6, daylight coverage percentage reached

90% by using the IPL system.
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Figure 6-5: Coverage percentage between 300~500 Lx during the working hours in 21% of June, 21% of September,
and 21° of December by using the CSLS for the South oriented room.
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Figure 6-6: Coverage percentage between 300~500 Lx during the working hours in the 21% of June, 21 of
September, and 21 of December by using the integrated parametric louvre for the South oriented room.

6.3.2 Daylight coverage percentage analysis on the 215t of June,
21st of September, and 215t of December for the CSL in

different orientations during the working hours
It can be observed in Figure 6-7 and Figure 6-8 that the conventional
system does not exceed 25% coverage in June and September, however,
it reaches 38% coverage on December at its peak due to the low inclination

of the sun altitude, as shown in Figure 6-9, where it can reach more in-
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depth coverage inside the room. Additionally, the illumination coverage is
relatively constant during the daytime in June and September, while there
is a notable variation during the daytime in December. Furthermore, it can
be observed in Figure 6-10 that the coverage percentage in all different
orientations are almost equal, which means that the conventional system

has no tangible effect when changing orientation.
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Figure 6-7: Coverage percentage between 300~500 Lx during the working hours for the office room through five
orientations on the 21% of June, using the CSL.
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Figure 6-8: Coverage percentage between 300~500 Lx during the working hours for the office room through five
orientations on the 21 of September, using the CSL.
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Figure 6-9: Coverage percentage between 300~500 Lx during the working hours for the office room through five
orientations on the 21 of December, using the CSL.
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Figure 6-10: Daylight average coverage percentage in the 21% of June (a), 21% of September (b), and 21% of
December (c) by using the CSL on the five orientations.

6.3.3 Daylight coverage percentage on the 21st of June, 215t of
September and 21st of December for the IPL in different

orientations
It can be observed that daylighting coverage percentage achieves more
than 90% in all of the orientations with some fluctuations due to the
difference in directions, see Figure 6-11, Figure 6-12 and Figure 6-13. It is
worth mentioning that South and Southwest orientations are giving the

best daylight coverage when comparing to other orientations in all of the
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seasons. It can be seen in Figure 6-13 that the South orientation is giving
the best performance from 11 a.m. to 2 p.m. only. The reason that the
daytime is relatively short in December at this specific territory, where the
sun altitudes in the morning and the evening are low and probably have
potential blocking by trees and surrounding obstacles. In Figure 6-14 it can
be seen noticeable variations between the five orientations when using the
IPL, especially with the South and the Southwest orientations, while they
are giving the highest daylight coverage when comparing to the other
orientations. That means that these two orientations should be considered
in the early stages of design for better energy saving when using the

proposed integrated system.
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Figure 6-11: Coverage percentage during the working hours for the office room through the five orientations on the
21% of June, using the IPL.
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Figure 6-12: Coverage percentage during the working hours for the office room through the five orientations on the
21% of September, using the IPL.
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Figure 6-13: Coverage percentage during the working hours for the office room through the five orientations on the
21% of December, using the IPL.
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Figure 6-14: Daylight average coverage percentage in the 21% of June (a), 21% of September (b), and 21% of
December (c) by using the IPL on the five orientations.
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6.4 Potential energy saving throughout the year for the IPL

Two main criteria should be considered in our study; firstly, the
accepted illuminance range 300 ~ 500 Ix, which considered as a visual
comfort criterion. Secondly, the electrical energy saved when the provided
daylight is above 300 Ix regardless of the maximum level 500 Ix, which
considered as an energy-saving criterion. That means, whenever the
available daylight is over 300 lux at any part of the room, the electrical
light at this part will automatically turn off, and vice versa, whenever the
available light is less than 300 lux the electrical light will automatically turn
on. The succeeded system should achieve the two criteria simultaneously
of providing visual comfort and saving energy.

For instance, on the 21%t of June at 11 a.m., by using the proposed
system; 70% of the room was provided with daylight. Furthermore, the
available daylight ranged between 300 ~ 500 Ix, which means that the
system achieved both criteria of saving 70 % of electrical lighting energy
in the room and reaching the visual comfort, as shown in Figure 6-4.
Accordingly, the electrical light will turn on automatically at the dimming
parts of the room and the electrical energy consumption at this time should
be 1.35 Wh/m=2. On the other hand, by using the CLS system at the same
time and date, the accepted coverage average for visual comfort is only
18%. Although, 70% of the room is provided with daylight and only 30%
of the electrical light should be turned on; however, this system did not
succeed to achieve the two criteria due to failure of achieving visual
comfort. Furthermore, at this time, the occupants will probably use the

blinds or roller shades to protect from excessive sunlight.
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Table 6-1: Daily average of electrical lighting energy consumption Wh/m? at the desk level in Birmingham, UK by

using the IPL.
Days/months | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
1 27 | 25 23 | 23 23 | 18 27 | 33
2 45 | 4.2 24 | 2.7 2.3 25 | 3.2
3 31 | 45 | 41 | 18 | 22 27 | 23 25 | 24
4 44 | 35 29 | 1.9 27 | 20 | 21 | 3.7 4.1
5 4.5 21 | 19 | 26 | 28 19 | 2.7 3.0
6 3.0 31 | 23 27 | 26 14 | 26 | 27 | 27
7 33 | 35 | 38 | 20 28 | 26 | 21 | 18 2.7 | 3.2
8 27 | 31 20 | 25 24 | 17 35 | 31
9 45 | 1.9 20 | 27 2.1 3.0 | 43
10 40 | 10 | 25 | 25 | 21 27 | 19 24 | 3.7
11 3.0 | 45 21 | 20 26 | 22 | 19 | 25 3.0
12 3.2 23 | 21 | 25 | 25 15 | 22 4.5
13 3.6 1.8 | 23 2.7 | 2.7 21 | 24 | 28 | 45
14 37 | 27 | 23 | 21 24 | 26 | 22 | 21 27 | 35
15 21 | 19 25 | 26 21 | 26 27 | 35
16 28 | 3.2 22 | 2.2 2.1 33 | 3.0
17 45 | 25 | 23 | 20 | 23 25 | 23 44 | 3.0
18 27 | 24 24 | 23 25 | 21 | 23 | 43 3.2
19 45 22 | 23 | 25 | 25 23 | 23 3.0
20 2.9 22 | 23 28 | 25 1.7 | 22 | 26 | 3.6
21 26 | 32 | 27 28 | 23 | 1.8 | 18 31 | 31
22 23 | 21 26 | 29 21 | 20 34 | 45
23 42 | 28 | 20 24 | 2.7 2.2 44 | 41
24 31 | 23 | 18 | 27 | 26 23 | 21 23 | 4.1
25 45 | 2.7 26 | 23 23 | 19 | 23 | 3.0 3.6
26 4.2 25 | 20 | 3.0 | 24 31 | 26 3.0
27 4.5 21 | 23 23 | 21 23 | 26 | 32 | 31
28 27 | 22 | 23 27 | 23 | 22 | 26 32 | 35
29 26 | 22 25 | 27 19 | 26 33 | 41
30 2.6 2.7 26 | 2.7 2.2 25 | 34
31 3.6 2.6 25 23 | 21 2.2
IPL system 3.67 | 296 | 259 | 232 | 2.26 | 2.62 | 2.50 | 2.13 | 2.09 | 2.84 | 3.17 | 3.48
Wh/m?
CSL system Wh/m?2
Average; over300 | 1.58 | 2.18 | 1.86 | 0.95 | 0.11 | 0.07 | 0.28 | 0.56 | 1.93 | 2.60 | 1.86 | 0.81
AVeraQ‘ﬂli300*500 3.30 | 3.45 | 359 | 4.04 | 439 | 443 | 422 | 3.94 | 3.13 | 3.34 | 3.41 | 4.22

Nominal energy consumption

Wh/m?2

4.50
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In our case, potential electrical lighting consumption can be achieved
by applying the proposed IPL system in the selected office room, as shown
in Table 6-1. The test points inside the office room recorded the daily
average of electrical lighting consumption during the working hours
throughout the year, putting into consideration the two days off during the
week, which were not accounted. The monthly averaged from daily electric
lighting energy consumption are also included at the bottom of the table
and shown in Figure 6-15 for both integrated and conventional systems,
via considering the two criteria above. The results in Table 6-1 from the
integrated system were using the two criteria simultaneously; however,
the results in the CLS system were using each criterion separately. The
nominal energy consumption of electric lighting corresponds to the electric
lighting level at 500 Ix. For the selected office room, DAYSIM gave a value
of 4.5 Wh/m?2 as the nominal electric lighting energy consumption.

Figure 6-15 reveals the monthly electrical lighting consumption by using
both IPL and CSL systems, according to the standard electrical
consumption. It can be observed that the CSL system (in yellow) gives the
best electrical energy saving during the year comparing to the IPL.
However, the CSL did not achieve the other criteria of visual comfort.
Therefore, this system (in yellow) cannot be considered as an
advantageous system. On the other hand, when comparing the
performance of both systems within the same criteria, we can observe that
the IPL can save more energy, in addition to the well-distributed daylight

as shown in Figure 6-4 comparing to Figure 6-3.
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Monthly average lighting energy consumption
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—@— Parametric system 3.67 296259232 226 2.62 2.50 2.13 2.09 2.84 3.17 3.48
Conv. system 3.30 3.45 359 4.04 439 443 422 394 3.13 3.34 341 4.22
Conv. above 300 Ix 1.58 2.18 1.86 0.95 0.11 0.07 0.28 0.56 1.93 2.60 1.86 0.81

Nominal consumptio

4.5

Figure 6-15: Monthly consumed electrical lighting in the office room by using the IPL system.

Table 6-2 shows the potential daylight coverage achieved by using the
IPL system during the working hours in the selected office room. The test
points inside the office room recorded the daily average daylighting
coverage percentage during the working hours throughout the vyear,
putting into consideration that the weekend days were not accounted for
in the results. The monthly averaged from daily daylighting coverage
percentages is shown at the bottom of the table.

For monthly average daylight coverage percentage of the IPL, we can
observe in Figure 6-15 relatively lower daylight coverage in November,
December and January compared to the other months, due to the decrease
in solar altitude which causes weak solar radiation in addition to the

shortage of the daytime hours especially in such territory like the UK.
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Table 6-2: Daily daylight coverage percentage for the daylight illuminance range of 300~500 Ix at the desk level in
Birmingham, UK by using the integrated parametric louvre.

Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Oct | Nov Dec

1 40% | 44% 49% | 48% 50% | 61% 41% 26%
2 0% 7% 46% | 41% 48% 45% | 29%
3 36% 0% 10% | 60% | 52% 41% | 48% 45% | 46%
4 3% 22% 36% | 58% 40% | 56% | 54% | 17% 10%
5 0% 54% | 58% | 42% | 38% 57% | 39% 34%
6 34% 31% | 49% 40% | 42% 68% | 43% | 39% 41%
7 27% 23% | 15% | 55% 38% | 42% | 53% | 59% 40% 28%
8 39% | 32% 55% | 44% 47% | 63% 22% 32%
9 0% 57% 55% | 39% 53% 33% 4%
10 12% 78% | 44% | 45% | 54% 40% | 57% 46% | 17%
11 34% 0% 53% | 55% 43% | 51% | 57% | 45% 34%
12 29% 48% | 54% | 44% | 45% 66% | 52% 0%
13 21% 60% | 48% 41% | 39% 54% | 47% | 37% 0%
14 18% 39% | 48% | 53% 46% | 42% | 51% | 54% 40% 22%
15 53% | 58% 45% | 43% 53% | 42% 39% 22%
16 37% | 29% 51% | 52% 53% 27% | 33%
17 0% 45% | 49% | 55% | 49% 44% | 49% 3% 34%
18 39% 46% 46% | 48% 45% | 54% | 50% 5% 30%
19 0% 52% | 50% | 44% | 44% 50% | 48% 34%
20 35% 52% | 50% 38% | 44% 63% | 51% | 43% 19%
21 42% | 30% | 39% 37% | 49% | 59% | 60% 31% 31%
22 49% | 53% 43% | 36% 53% | 55% 25% 0%
23 7% 37% | 56% 47% | 41% 51% 3% 9%
24 31% 48% | 61% | 39% | 43% 48% | 54% 49% | 10%
25 0% 40% 42% | 48% 49% | 57% | 48% | 34% 19%
26 6% 44% | 55% | 33% | 47% 31% | 43% 33%
27 0% 54% | 50% 50% | 54% 48% | 43% | 29% 32%
28 40% | 52% | 50% 39% | 48% | 51% | 43% 29% 23%
29 42% | 52% 44% | 40% 58% | 42% 26% 8%
30 42% 39% 43% | 41% 52% 45% | 25%
31 19% 43% 45% 50% | 54% 51%

Parametric 19% 34% | 42% | 48% | 50% | 42% | 44% | 53% | 54% | 37% | 29% 23%

system

Monthly average daylight coverage percentage

60% 48% 50% 53% 54%

42% 42% 44%
34%

7% 20w
40% °23%

20%
0%

MONTHLY AVERAGED
DAYLIGHT COVERAGE
PERCENTAGE

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
—8—Parametric system 19% 34%  42% 48% 50% 42% 44% 53% 54% 37% 29% 23%

Figure 6-16: Monthly averaged daylight coverage percentage in the office room for the daylight illuminance range of
300 ~ 500 Ix by using the integrated system.
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It is remarkable to bear in mind that the measured daylight coverage
was considered only at the daylight illuminance range of 300~500 Ix,
however, in some cases the daylight illuminance may exceed or even fall
behind this range within a small value, which consequently not accounted
in the calculations, therefore resulting in lower coverage values [304]. The
simulation results from Radiance / DAYSIM may be primarily affected by
the chosen number of bounces and test points to control the radiation
quality, which can be adjusted from the “rad Parameters component” in
the simulation settings. Putting into consideration that this may take much
longer time in rendering, in addition to the computer performance factor.
Accordingly, this may influence the analysis quality and the accuracy of the
results [305]. While this study was investigating annual daylight
performance based on hourly analysis, therefore, the simulation settings
were set to the medium level in order to save time. Figure 6-17 reveals
the difference between the analysis accuracy levels in the office room on
the 1%t of February at noontime, whereas, the render time consumed with
the high resolution map took ~3 minutes, while the medium resolution
map took ~1 minutes and the low resolution map took ~50 seconds. For a
reasonable results, our study was using the medium resolution level.

Daylight analysis: Between 300 & 500 lux = 79% Daylight analysis: Between 300 & 500 lux = 77% Daylight analysis: Between 300 & 500 lux = 72%
Time and date, 12.0Monday, February 1st 2016 Time and date, 12.0Monday, February 1st 2016 Time and date, 12.0Monday, February 1st 2016

Figure 6-17: Daylight analysis by using different accuracy settings for the same time and date, showing 79%, 77%
and 72% of daylight coverage for high, medium and low settings, respectively.

It is worth to mention that the IPL system can save up to 40% as an

average of potential electrical energy. However, in consideration to the
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points mentioned above, regardless the small limitations within (300~500
IX) due to rendering time and computer performance, the IPL system can
probably reach up to 50% of potential savings, based on the required

illuminance level.

6.5 Summary

Daylighting can be utilised in different ways to achieve better
performance and enhance occupants’ visual comfort. The Integrated
Parametric Louvre system was examined previously in Chapter 4 in a
South oriented office room for a specific date that achieved 80% of energy
saving. The current Chapter examined the suitability of such a system for
installation in five orientations. The IPL system achieved the highest results
at two orientations (South, Southwest) which records better coverage of
daylight during the day in June, September and December compared to
other orientations.

The IPL system has also been evaluated throughout the year in the
territory of the UK, which reveals promising results comparing a
conventional static louvre system. Regarding the fluctuation nature of the
selected territory, the study found that the using the Integrated Parametric
Louvre can achieve an average of 50% saving of electric lighting energy
consumption when it is applied throughout the year. The following chapter
will focus on improving the coverage and performance of the Integrated

Parametric Louvre.
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Chapter 7 Proposing an Innovative Control
Method to Increase the
Daylighting Stability, via using
Dual-axis and Double-layer
Parametric Louvre

7.1 Introduction

Architecture as an inanimate; is strongly influenced by the surroundings
from different aspects such as design, shape, function, orientation, mass,
etcetera, and in some cases, architecture itself can respond to climate
changes and sun movement. Some species can adapt to the surroundings
by changing their phases in order to survive; likewise, architects inspired
by these species to create more sustainable architecture. One of the
inspiring plants known as heliotrope, which can react and respond to the
sun movement whenever the sun moves, in order to receive as much as
possible of solar energy. Modern architecture can inspire this utter
response to increase the use of daylight and save more energy. This
chapter proposes an innovative control method which can respond to both
solar altitude and azimuth simultaneously, to maximise the utilisation of
the sun for more uniform and steady daylight distribution inside the deep-
plan room, by using specific algorithm in Grasshopper. While azimuth
orientation was rarely considered as a parameter [306] or even exploited

by daylighting devices [307].
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7.2 Hypothesis control development mechanism of the
Integrated Parametric louvre (IPL)

An innovative type of IPL is introduced in this chapter, which can utterly
respond to the sun movement. Typically, the IPL was used to reflect direct
sunlight towards a fixed path over the ceiling inside the deep-plan room,
and then the illuminated ceiling acts as a source of light to the occupants.
However, the newly proposed method is to keep this reflected light
constant towards fixed target points on the ceiling during the daytime,
consequently, keep the light distribution more uniform inside the room.

Parametric design as a tool is used to find a compromise between
changeable parameters such as altitude, azimuth, intensity and the
physical parameters of the louvre system and tuning windows to maintain
the provided light within the range 300~500 Ix to meet the occupants’
visual comfort according to CIE standard [308]. The study analyses the
percentage of daylighting coverage for the range 300~500 Ix at the
desktop level across the office room. General daylighting systems can
achieve 30~50% of daylight coverage in their best cases [123] within the
accepted range of illumination. However, the current proposed system can
achieve up to 75~95% in various climate conditions throughout the year.

Computer software is developed orderly to create intricate graphical
drawings; accordingly, parametric software is produced to deal with
complex geometries with different parameters [123]. New Cairo in Egypt
was selected as a region for the office room while this location represents
a hot arid territory with dominant clear sky condition. Annual hourly data
analysis for this location revealed that the sky is clear, intermediate and

overcast during 53%, 37% and 10% of the year, respectively, based on
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the criteria in Table 7-1 [33], which means that the availability of solar

radiation can reach up to 90% during the year in this location.

Table 7-1: Definitions of sky types

CIE SKY TYPE CONDITION
CLEAR Direct normal irradiance is more than 200% of diffuse horizontal
INTERMEDIATE Direct normal is between 5% and 200% of diffuse horizontal
OVERCAST Direct normal is less than 5% of diffuse horizontal

The new proposed system consists of IPL coated with 90% specular
reflection, these slats can follow the sun movement in all directions, while,
they can rotate around two axes to appropriate with all solar angles, except
steep angles less than 10 degrees with the facade, aiming to increase the

availability of daylight during the daytime.

7.2.1 Integrated Parametric Louvre based on One-axis rotation

control (the original system)

This type of daylighting system has been investigated in previous
chapters by using rotating mirrored slats with one-axis rotation for each.
Such a system is parametrically controlled using algorithmic formula
created in Grasshopper. The system can reach up to 50% of daylight
autonomy within 300~500 Ix coverage in a typical office room at the desk
level throughout the year [279].

The slats in the IPL consists of 10 rows and the distance between each
row is 17 cm, giving about 170 cm height of the louvre system. Each row
consists of two parts, a rotating mirrored slat and a fixed shade slat, and
each slat is 20 cm width, see Figure 7-1. The rotating slats assigned as a
mirrored coated surface with 90% reflectivity and they are controlled
independently based on solar altitudes. Although every single slat in each
row has a specific inclination angle due to its target’s direction on the
ceiling, however, they all rotate at the same magnitude. On the other hand,
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the fixed shade slats are assigned as dark matt material and work as
shading part to prevent glare or any excessive light passing between the
rotating slats. The rotation process is performed from a hinged axis (X-

axis) around a tangent line between both slats, as shown in Figure 7-1.

i

Fixed slat
Rotating slat

Figure 7-1: One-axis rotation control system

The process of this system is based on responding to the sun movement
to collect as much as possible of daylight and reflect it onto fixed paths
over the ceiling inside a deep-plan room; then the ceiling works as a source
of light inside the room [247]. However, it is worth to bear in mind that
these slats can respond only to solar altitudes, not solar azimuths, which
means that the illuminated patch of the reflected light on the ceiling will

move by time in a longitudinal path as shown in Figure 7-2.

9 am 10 am 11 am 12 pm 1pm 5pm

Figure 7-2. Radiance illuminance maps showing the illuminated path is moving over the ceiling from 9 a.m. to 5 p.m.
on the 21 of September.

Concerning the sun movement, the illuminated area inside the room
should be at its maximum performance when the incidence plane of
sunlight is perpendicular to the south-facing facade. However, the
illuminated area decreases gradually when the sun moves to the west or

comes from the east, as indicated in Figure 7-3. Consequently, these
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rotating slats can provide uniform daylight inside the room but still not

constant enough, especially, at the late and early time of a day.

Number of Hours
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

Figure 7-3. Hours of daylight autonomy for the range of 300-500 Ix at the desktop level on the 21 of September.

7.2.2 Integrated Parametric Louvre based on Dual-axis rotation

control (the new proposed system - 1t alternative)
Dual-axis or biaxial rotation control inspired by “saddle joint” which
forms a flexible biaxial connection between two bones that can move in all
directions except for axial rotation [261]. The slats in this system can
rotate in two directions simultaneously in order to follow the sun movement
in all directions. This response aims to track sunlight wherever it moves

and redirects it to specific fixed targets on the ceiling, see Figure 7-4.

|z >

Figure 7-4: Dual-axis parametric louvre — raytracing study

This method is almost likewise the original method, which consists of
the same two parts (the rotating part and fixed part); however, the
rotating part consists of deployed slats divided into consecutive segments

as shown in Figure 7-5. Every single slat is hinged from its corner where
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it can rotate in a biaxial rotation from this corner around X and Y pivots.
While the opposite corner is fixed in @ moveable bar which can control the
movement of the slats. The movable bar can move horizontally and
vertically to tune the reflection surface with the sun movement and keep

the reflected ray in a fixed target, see Figure 7-6.

e X

Figure 7-5: Dual-axis rotation movements.

Fixed ray on the ceiling /‘\

Rotation point

N:;} point

X rotation (OC SBg responding to Altitude Pd’\«\

Y rotation responding to Azimuth

Figure 7-6: Dual-axis rotation control
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Every single slat has two-rotation angles Beta (B), and Alpha (a), which
varies parametrically in a biaxial rotation around its pivot in the (X-Y)
coordinates using specific algorithmic formula created in Grasshopper, see
Figure 7-7. The formula is solving the relation between the vector of the
reflected ray to the ceiling and the vector of the incident ray from the sun
by using the “Orient” component which works as a ‘heliotropic’ [21] mirror
surface between the two rays. Thus, the slat’s angles B and a should alter
simultaneously with the solar altitude and azimuth. Therefore, the reflected

light to the ceiling should be steadier during the daytime, see Figure 7-8.

Boundary Surfaceg

Plane Nor

Figure 7-7: Grasshopper formula to control the rotation angles

9 am 10 am 11 am 12 pm 1pm 2 pFn 3pm 4 pm 5pm

Figure 7-8: Radiance illuminance maps for the Dual-axis rotation control from 9 a.m. to 5 p.m. on the 21% of
September.

7.2.3 Integrated Parametric Louvre based on Double-layer
rotation control with a combination of horizontal and

vertical louvre (the new proposed system — 2" alternative)

This system consists of two bundles of rotating louvre, one of them is
deployed horizontally along the facade and can rotate responding to the
sun altitude [247], and the other bundle is deployed vertically in front of
the horizontal bundle and can rotate responding to the sun azimuth. The

two bundles work parametrically together to keep the reflected light onto
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a specific target on the ceiling. This system has two-axis rotations, “Z"” axis
which define the vertical slats and “X” axis which define the horizontal
slats. Sunlight strikes the vertical slats first which can rotate automatically
around their “Z" axis by responding to the sun azimuth, in order to redirect
the light into a projected surface aligned perpendicularly with the facade.
Then the horizontal slats rotate automatically around their “X” axis to
reflect the redirected light towards a specific target on the ceiling, see
Figure 7-9. Both bundles are connected parametrically and work
simultaneously by using a predefined formula created in Grasshopper, with

the consideration that each bundle has its unique rotation angle.

Fixed slats

n
—
© *
)
o
K=
£
©
T
<iE
o

Figure 7-9: Double-layer rotation control

The vertical slats arrayed along the facade with a distance 60 cm
between their pivots and the width of each slat is 20 cm. The width of the
horizontal slats was determined to 20 cm, while their length is related to
the room length and the number of slats was set to 10. Fixed shade slats
were attached to the horizontal louvre - likewise the one-axis rotation
control system - to prevent potential glare or any excessive light passing

between the slats.
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7.2.4 Addition of a Thermochromic (TC) glass

Thermochromic material is an advanced type of glass can adapt its
transmission level based on solar intensity [12, 309], accordingly, the
higher solar heat it absorbs, the less light level is passing through it [158].
TC glass in our study has been installed at the upper part of the window
next to the slats, in which it can keep the reflected light from the slats at
a constant intensity. For more efficient daylighting system, this window
can help to keep the number of slats fixed and no need to increase or
decrease their number to compensate, while, such window will do the
function of keeping the solar intensity in balance. In Grasshopper, test
points were used over the window using “TestPoints component” in
Honeybee to measure the intensity of solar radiation, which then can tune

the window transparency to control the amount of the penetrated light.

7.3 A comparison study between the one-axis, dual-axis and
double-layer Integrated Parametric Louvre

A comparison is given here between the two proposed systems and the
original one [279]. The analysis was conducted for a deep-plan example
office room in New Cairo with 18 m length and 8 m depth, aiming to cover
the whole office with permanent steady and uniform daylight within
300~500 Ix. The percentage daylight coverage is defined as the ratio of
the area with the daylight illuminance of 300~500 Ix relative to the total
floor area, and it was measured using test points at the desk level at 75
cm above the floor [16] and 50 cm between each point. The study ignored
the edge area within 50 cm from the walls around the room, while the
illuminance level at this area is usually between 100~300 Ix and even not

exploited by the occupants. Generally, illumination in the overall area
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should not decrease below 100 Ix at any time during the day [34]. By
ignoring the 50 cm area around the inner walls, the opportunity of
achieving 300-500 Ix should be higher. The illuminance values at those
test points were used to calculate the percentage daylight coverage for the
acceptable range 300~500 Ix. Usually, 70% coverage for the daylight
range of 300-500 Ix is acceptable for typical daylighting systems [12, 123,
248]. Primarily, this study aims to achieve over 90% of daylight coverage.
The rest 10% can be considered as uncertainty and sensitivity factors
[304], which most likely close to the required range, that does usually have
slightly more than 500 Ix or less than 300 Ix within the range 50 Ix, which
can be accepted or even ignored and do not need to be compensated with
electrical lighting. The location, New Cairo, represents a hot arid territory,
where the sunny weather is dominant throughout the whole year, and the
sun altitude reaches 83° at zenith time in summer. The ray-tracing study
can be seen in Figure 7-10 at 9 a.m., 12 p.m. and 3 p.m. on the 21 of

September as a standard case.

One-axis rotation control system Bi-axial rotation control system Two-axis rotation control system

12 p.m. 9am.

3p.m.

Figure 7-10: Perspective view showing the ray-tracing directions for the One-axis, dual-axis and double-layer
rotation control systems respectively, at 9 a.m., 12 p.m. and 3 p.m. on the 21% of September.
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In Figure 7-11, the points in the middle of the room are representing
the targets. It can be seen that the raytraced light at the ‘One-axis’ case
is moving along the room in different directions, while, the dual-axis and
double-layer louvre systems are respecting the targets during the daytime.
Accordingly, the daylight coverage should be more constant during the

working hours comparing to the One-axis rotation control system.

One axis louvre system Biaxial louvre system Two-axis louvre system

12 p.m. 9am.

3pm.

Figure 7-11: Top view for the office room showing the ray-tracing directions for the One-axis, dual-axis and double-
layer systems respectively, at 9 a.m., 12 p.m. and 3 p.m. on the 21 of September.

A comparison study has been made in four different dates throughout
the year in order to cover all the possibilities of sun positions. The selected
dates are 21st of March, 21st of June, 21t of September and 21t of
December while, they are representing different seasons and different

altitudes, see Figure 7-12, Figure 7-13, Figure 7-14 and Figure 7-15.
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R Ty

Figure 7-12: Daylight coverage for the One-axis, dual-axis and double-layer IPL systems, respectively on the 22" of
March
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Dual-axis IPL Double-layer IPL
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Figure 7-13: Daylight coverage for the One-axis, dual-axis and double-layer rotation control systems, respectively
on the 21 of June
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One-axis IPL
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Figure 7-14: Daylight coverage for the One-axis, dual-axis and double-layer IPL systems, respectively on the 21 of
September
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Dual-axis IPL Double-layer IPL

Figure 7-15: Daylight coverage for the One-axis, dual-axis and double-layer IPL systems, respectively on the 21 of
December
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7.4 Results and discussion between the one-axis, dual-axis
and double layer Parametric Louvre

In Figure 7-17, Figure 7-18, Figure 7-19 and Figure 7-20 it can be
observed that the coverage is almost same between the three systems,
however, slightly better performance revealed in the dual-axis system
especially at 4 pm in March, June and September due to the contribution
of the fixed targets. Meanwhile, in Figure 7-12 to Figure 7-15 it can be
seen a dark blue area in all systems at the left side near to the wall at the
late hours and even on the right area in the morning hours. Although, the
new proposed systems; systems supposed to provide constant light while
they use fixed targets method, however, some areas still could not receive
enough light. See Figure 7-8 comparing to Figure 7-2 for more clarification.

From a different point of view, we can find that sun position in the
skydome has a substantial contribution on the daylight coverage inside the
room [288], in addition to the influence of redirected rays on the ceiling.
It can be observed in Table 7-1 that the contribution of the diffuse light
from the skydome has the majority effect, which dramatically influences
on the daylight transmittance through the upper part of the window (TC
window).

Although, the upper part of the window is covered by a bundle of slats
which should protect from direct sunlight, however, the contribution of the
bright diffuse area around the sun - besides the skydome - dramatically
influences on the direction of the illuminated area inside the room, as seen
in Table 7-2. Meanwhile, the lower part of the EC window is directly

influenced by the sunrays.
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Data in Table 7-2 demonstrates the window tuning values which

calculated by Grasshopper to optimise the penetration of the daylight at

the desk level within illuminance range 300~500 Ix. The results in Table

7-2 shows that the DHI has a significant influence on the upper TC window,

in addition to GHI, respectively. However, the EC window is primarily

influenced by GHI in addition to DNI, respectively. It can be seen in Figure

7-16 that values of solar radiation over the EC window is primarily following

the attitude of GHI.

Table 7-2: Solar radiations on September 21% from 9 a.m. to 5 p.m. in New Cairo by using One-axis rotation control
in New Cairo location

+ [ U
(GHI) (DNI) (DHI) Solar
Day Global Direct Diffuse radiation TC EC Coverage
time  horizontal normal horizontal | over the | tuning tuning %
irradiance irradiance irradiance | EC win.
9 297 128 214 0.80 0.04 84%
10 588 497 200 0.65 0.02 92%
11 848 883 94 0.90 0.01 93%
12 941 969 96 0.90 0.01 97%
13 967 1051 94 0.90 0.01 96%
14 823 915 152 0.75 0.01 88%
15 639 788 177 0.7 0.02 84%
16 441 691 164 0.9 0.03 82%
17 234 568 127 0.95 0.05 21%
L
[ f A
WINDOW INFLUENCE BY SOLAR RADIATION
—4— (GHI) Global horizontal irradiance == (DNI) Direct normal irradiance
(DHI) Diffuse horizontal irradiance === Solar radiation over the EC win.
1200
S 1000
I
= 800
3
< 600
5
= 400
<
2 200
= Cé
0
9 10 11 12 13 14 15 16 17

DAY TIME

Figure 7-16: The influence of solar radiation on the window surface.
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The upper window transmittance assigned between 0.35 (nearly
opaque) - 0.95 (almost transparent). Therefore, the window transmittance
will automatically decrease when, GHI and DHI increase, and vice-versa.
Likewise, the lower EC window is influenced by the amount of solar
radiation strikethrough based on GHI and DNI values. Both windows
controlled parametrically wusing algorithmic formula created in

Grasshopper, summarised in a simple diagram in Figure 7-21.

=—4&— One-axis == Biaxis Two-axis
100%
90% W‘ﬂ;\
80%
70%
60%
50%
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30% \
20%

9:00 | 10:00 | 11:00 | 12:00 | 1:00 2:00 | 3:00 | 4:00 5:00
AM AM AM PM PM PM PM PM PM
—&—One-axis | 82% 91% 95% 97% 94% 90% 88% 80% 52%

i Biaxis 87% 86% 96% 96% 94% 92% 87% 87% 25%
Two-axis| 79% 87% 93% 94% 92% 93% 83% 71% 33%

Figure 7-17: Percentage daylight coverage during working hours on the 21% of March of the One-axis, dual-axis and
double-layer systems

—@— One-axis == Biaxis Two-axis
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9:00 | 10:00 | 11:00 | 12:00 | 1:00 2:00 3:00 4:00 5:00
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=—&—One-axis| 75% 92% 96% 92% 97% 96% 90% 42% 15%
—fl— Biaxis 79% 93% 96% 95% 97% 90% 92% 80% 23%
Two-axis| 72% 85% 92% 91% 87% 90% 85% 82% 30%

Figure 7-18: Percentage daylight coverage during working hours on the 21 of June of the One-axis, dual-axis and
double-layer systems
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=—@— One-axis == Biaxis == Two-axis
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Figure 7-19: Percentage daylight coverage during working hours on the 21 of September of the One-axis, dual-axis
and double-layer systems
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Figure 7-20: Percentage daylight coverage during working hours on the 215 of December of the One-axis, dual-axis
and double-layer systems.

Processing l
L i Thermochromic
. q) q)
P N !—Ionz_ontal - a ol U.pper | O x
c irradiance a window 8o
=2 o o O |Yes | Visual
% ﬁ Electrochromic -512 ”| comfort
Vertical 2] L 9
O ) X o ower R
| irradiance [ £ | window || &8
O
No
Reprocess l
rocessing <_ <_ ‘_ <_

Figure 7-21: A diagram showing the process in Grasshopper to control the window transmission.
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Although, the proposed two systems should be able to compensate the
lack of daylight at all times while they can reflect the sunlight to a fixed
targets, however, the results in Figure 7-19 and Figure 7-20 shows lack of
daylight availability starting at 4 p.m. due to a sharp steep in the solar
azimuth in addition to its weak intensity. Promisingly, this issue can be
solved via changing the positions of those target points on the ceiling to
the less illuminated area, thanks to parametric control that allows changing
different parameters simultaneously. For instance, at 4 p.m. if we move
the target points 3 meters to the left on the ceiling, the reflected light will
be directed onto the dark blue area and compensate the weakness of

daylight at this time, see Figure 7-22.

double-layer IPL with shifted targets dual-axis IL system with shifted targets
Figure 7-22: Daylight coverage before and after moving the targets at 4 p.m. on the 215'%of September.

Significantly, we can observe that the blue area near to the wall is
almost disappeared after moving the targets to the left side, which
improved the daylight at this area. More than 10% increment has been
obtained (from 79% to 93%) comparing to the original target positions,

and this shift of targets position could be considered as a promising method
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for energy saving at this late time of the day. After applying this shift
during the day, we can observe substantial improving at the early and late
hours, as shown in Figure 7-23. It can be seen that the double-layer IPL
is giving illuminance performance ranging between 79-96%, which is
above the accepted range 70%. Meanwhile, the dual-axis IPL is ranging
between 91-98%, which is above the targeted amount 90%; accordingly,
daylight availability is almost constant during the daytime and no need for

electrical lighting.

=—4@—One-axis == Biaxis Two-axis
100%
90% WW
80%
70%
60%
50%
40%

30%

20%
10:00 11:00 | 12:00

9:00 AM AM AM PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM
=—&—One-axis | 82% 94% 93% 97% 96% 81% 82% 74% 21%
== Biaxis 91% 93% 95% 98% 96% 96% 93% 93% 95%

Two-axis  89% 93% 95% 96% 94% 93% 91% 89% 79%

Figure 7-23: Percentage daylight coverage of the three systems after applying the shifted targets, on the 21% of
September

7.5 Summary

A comparison analysis was conducted for the south-oriented office room
in New Cairo location to evaluate the daylight availability during the
daytime by using three daylighting systems with different methods. The
whole daylighting systems were controlled parametrically using predefined
algorithmic formula created in Grasshopper within its environmental
plugins. Chapter 7 aimed to evaluate the performance of each system by

using the improved redirecting method.
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It has been mentioned previously in Chapter 6 that using “One-axis
method” in the Integrated Parametric Louvre can save around 50% of
electrical light throughout the year. However, by using the fixed targets
method based on dual-axis and double-layer Parametric Louvre, more
uniform and constant daylight can be achieved, which can save more than
70% of electrical light. At the first instance, daylight analysis results
revealed that the three systems were dramatically converged, although the
new proposed two systems (dual-axis and double-layer IPL) should provide
constant reflected light on the ceiling. The data analysis revealed that the
skydome has a significant influence on the provided daylight in addition to
the reflected sunlight. Consequently, the study found that when shifting
the targets on the ceiling to the low light area, it will significantly
compensate for the lack of daylight at this area.

Therefore, dual-axis and double-layer IPL can be considered as
promising methods for such daylighting systems while they can provide up
to 90% and 80% respectively of daylight coverage during the daytime
inside the room. Accordingly, electrical light can be saved during working
hours. On the other hand, the addition of the Thermochromic window
increased the daylight stability, while, it can control the penetration of
daylight based on solar intensity. Besides, more practical Integrated
Parametric Louvre has been achieved, while, no need to increase or

decrease the number of slats to compensate for the intensity level.
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Chapter 8 Adaption of the Parametric
Louvre to slim and curved slats
to increase its feasibility

8.1 Introduction

As mentioned in the previous chapters, the Integrated Parametric
Louvre can be used to protect buildings’ envelope from negative effects of
solar radiation, optimise useful daylight, achieve occupants’ comfort and
save energy. However, cost, quality, efficiency and maintenance are still
crucial challenges for such a system. Therefore, practical and feasible
aspects should be taken in to account to increase the benefits of the
system. Although, some innovative daylighting systems such as light-
shelves and Himawari can optimise the use of daylight, however, their big
size can be a potential obstacle to be introduced widely to the market. As
well as cost and maintenance, which should be considered at the early
stage of the system’s design [75]. Therefore, manipulating with the
parameters of such systems can probably increase their feasibility [310].

A previous study investigated the possibility to reduce the size of
daylight redirecting micro-prism system while remaining its optical
performance [311], aiming to achieve more practical use. Other study used
three-dimensional textile to improve daylight performance via
manipulating with the shape and using small size apertures [312]. As a
daylight penetration, Penumbra effect plays an important role in such
cases, which efficiently occurred when reducing the size of the apertures
of any fenestration system [156]. This phenomenon mitigates the intensity
of the light, reduces potential glare and provides diffuse light. This chapter

focuses on a further practical and feasible system in two ways. Firstly, by
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reducing the slats’ size without affecting their illuminance performance.
Secondly, by changing the slats’ shape to originate lighter weight and
graceful shape, which accordingly can ease the installation process. The
study went through several steps by changing size and shape to achieve

the aims, as mentioned earlier.

8.2 Reducing the slat’s size of the Parametric Louvre

In the previous chapters, the slat width of the Parametric Louvre was
chosen to be 10 or even 15 cm for both rotating mirrored slats and fixed
shade slats, which accordingly should be used outdoor as a louvre shading
device next to the window due to its big size [8]. This chapter investigates
reducing the slat width in order to be installed indoor or even within double
glazing for more handy control. The following figures reveal the
performance of daylight distribution and Daylight Glare Probability (DGP)
inside an example office room when the slat width is gradually reduced

from 25 cm to 2.5 cm at seven intervals.

8.2.1 Simulation of reducing the slat’s width of the Parametric

Louvre in seven intervals

DGP is an abbreviation of Daylight Glare Probability, which influences
on the occupants’ visual comfort inside the office room. Glare, is defined
as the contrast lowering effect within a visual field due to the presence of
bright light sources, or a difference between a dark and bright area, or
even light occurred from a shiny surface. DGP is considered the most
recent index to evaluate glare from daylight. Usually, the fisheye lens is
used to measure its level. In our case, DGP was measured using a virtual

person sitting at the desk level facing a side wall, see Figure 8-1.
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Case (1)

Daylight coverage analysis 93%

25 cm — 5 slats

Case (2)

Daylight coverage analysis 93%

20 cm — 7 slats

Case (3)

Daylight coverage analysis 94%

15 cm — 9 slats

Case (4)

Daylight coverage analysis 95%

10 cm — 11 slats

Case (5)

Daylight coverage analysis 97%

7.5 cm — 13 slats

Case (6)

Daylight coverage analysis 98%

5 cm - 20 slats

Case (7)

Daylight coverage analysis 98%

2.5 cm — 38 slats

Chapter 8

DGP=0.47 Intolerable

DGP=0.52 Intolerable

Y

DGP=0.51 Intolerable

/

DGP=0.39 Perceptible

DGP=0.4 Disturbing

DGP=0.38 Perceptible

Figure 8-1: Flat Parametric Louvre shape — applied in an example office room in New Cairo on the 22" of March at
noontime, showing; top view — daylight analysis percentage, side view — raytracing study and DGP map,

respectively.
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8.2.2 Prototyping the reduced size of the Parametric Louvre via
using 1:1 mock-up (2.5 cm slat width)

A prototype scale 1:1 has been created for the Parametric Louvre as an
experimental study to validate the reduced size of the louvre. The mock-
up frame was made of acrylic by using laser cut. The mock-up was
assembled in a square shape 80 * 80 cm height and width as a window
frame. Two sides of the frame have been perforated at 29 vertical
apertures with 22 cm equidistant between each aperture and @ 0.5 cm for
each. These 29 apertures were used as guide for @ 0.5 cm aluminium rods,
which used as a single rotation guide axis for the slats. One side of these
rods were attached with 29 gears controlled by “rack and pinion” system,
whereas, all the slats have the same rotation magnitude, but with an
individual angle for each, see Figure 8-2. Therefore, “rack and pinion” as
an accurate controller system can rotate all the slats simultaneously with
a prior specified rotational angle for each slat. Rack and pinion movements
are controlled by one stepper motor mounted at the top of the acrylic
frame. The stepper motor is controlled by Arduino Uno based on Firefly as

a plugin in Grasshopper (similar steps as in Chapter 4).
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Figure 8-2: 1:1 mock-up for the Parametric Louvre made of laser cut acrylic and aluminium slats
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8.2.3 Validating the reduced slats’ size of the Parametric Louvre

via using 1:1 mock-up (2.5 cm slat width)

A validation study has been made for the Parametric Louvre using scale
1:1 mock-up, in a meeting room at the University of Nottingham. The
mock-up was mounted in the upper part of a south-oriented window. The
lower part was covered with black fabric, while, the area near to the
window has been ignored in this study. The room is 10 m length and ~8 m
depth, and 3.8 m height. Before this validation study, the mock-up has
been tested in a lecture room oriented to the southwest, in order to
calibrate the measurements tools and verify the mock-up control. This test
room was 8 m length and 6 m depth and 2.7 m height. In this case, the
mock-up was mounted at a lower level at 1 m height, while, the lower part
was just a simple wall. The test has been performed at 2 p.m. in a clear

sky condition with direct sunlight, on the 21t of May, see Figure 8-3.

Figure 8-3: the two images showing the difference between opened and closed state (off/on) of the Parametric
Louvre mock-up

The illuminance has been tested in the off/on states of the Parametric
Louvre mock-up using two sensors and lux meters (similar as in Chapter
4). The sensors have been located in 1.5 and 3 m away from the wall, at
the front desk along under the illuminated patch, where, the desk is 0.75

height from the floor.
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In the standard window (Off state) the sensors recorded 87 Ix and 109
Ix respectively, however, in the (On state) the sensors recorded 313 Ix and
308 Ix respectively, which meets the recommended illuminance threshold
300~500 Ix. We have to put in consideration that the illuminated patch
width is relatively small, which potentially produces lower intensity than
expected. However, if it is applied on a broader scale, the contribution of
the reflected light can probably increase.

For the validation study, as mentioned previously, the test has been
made in the meeting room between 11 a.m. and 1 p.m. on selected sunny
days in May, June, July, August and September. The test time was limited
between 11 a.m. and 1 p.m. due to the small size of the mock-up, because,
the illuminated patch decreases before and after these times and the
contribution of the reflected light become lower. Meanwhile, the test was
performed to validate the efficiency of the Parametric Louvre in its
optimum performance. The sensors have been located in three positions
under the illuminated patch at 1.2, 2.2, and 3.4 m away from the wall
facing the window. The test has been performed using off/on states;
therefore, six figures have been recorded for each time, in addition to the
horizontal and vertical illuminance for the solar radiation at this time, see

Table 8-1.

Table 8-1: comparison between off/on states using three different sensors in a meeting room at the University of
Nottingham, from May to August in selected sunny days with clear sky condition

Off state On state

Date — Time
Horizontal illuminance
Vertical illuminance

W&zm

o
I3

atl1.2m at2.2m at3.4m at1.2m at2.2m at3.4m

g
3

179



PhD thesis by Ahmad Eltaweel - 2019 Chapter 8

23/05/2019 — 1 n.m.
68200
45000

278 Ix 351 Ix 504 Ix

73700
41100

23/05/2019 — 1:30 n.m.

157 Ix 2091x 2601

24/05/2019 — 11:30 a.m.
86000
66000

380 Ix 531 Ix

85400
62500

24/05/2019 — 12 n.m.

180 Ix 365 Ix 485 Ix 400 Ix 425 Ix 540 |

80300
57500

21/06/2019 — 12:30 n.m.

148 Ix 2001x 505 Ix 420 Ix 4351x 430 Ix

70500
43400

28/06/2019 — 1 no.m.

145 Ix 189 Ix 322 Ix 485 Ix 555 Ix 575 Ix
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28/08/2019 — 11:30 a.m.  25/07/2019 — 12:30 n.m. 4/07/2019 — 12 n.m. 3/07/2019 — 12:30 n.m. 29/06/2019 — 1:30 n.m.

04/09/2019 — 12:00 n.m.
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181



PhD thesis by Ahmad Eltaweel - 2019 Chapter 8

The results in the “off” state reveal a noticeable variation among the
illuminance values which gradually increases towards the window;
meanwhile, the illuminance levels were still lower than the required
threshold level in most cases, which probably considered inappropriate for
human visual comfort. Promisingly, in the “on” state, variation between
the sensors is relatively reasonable within the range 300~600 Ix, which is
above the required threshold level. Moreover, the difference between the
illuminance values ranges within 100 Ix, which is relatively steady
compared to the “off” state. It should bear in mind that the chamfered
ceiling and the advanced glazing were not considered in the test room,
which may significantly influence the steadiness and the distribution of the
daylight in the room. For instance, the vertical patch light at the left wall
can be exploited by using the chamfered ceiling to give better performance.
Additionally, for such an experiment, the limited size of the mock-up
reduces the opportunity of maximum daylight harvesting, which can
probably yield better performance with a full-scale system. Generally, the
results show that the Parametric Louvre can significantly provide 8-meter
dim room with constant and steady daylight within an acceptable range,

which can achieve visual comfort and save electrical energy.

8.3 Modifying the slat’s shape of the Parametric Louvre

In previous chapters, the slats were assumed to be in a flat shape. For
a smaller slat width, the study in this section will examine two different
slat shapes; the concave shape and the convex shape, see Figure 8-4. It
should bear in mind that modifying the slat’s shape can generate more
strength and thinner slat in addition to achieving more limber characteristic

and feasible material.
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Figure 8-4: Various slat shapes (width in centimetre), height is 0.1 cm

8.3.1 Simulation of reducing the concave slats’ width of the

Parametric Louvre at seven intervals
Similar to the study on the flat slats, the width of the concave slats was
also changed at seven intervals; 2.5cm, 5cm, 7.5cm, 10cm, 15cm, 20cm
and 25cm. The simulation consists of; daylight coverage percentage
analysis at the desk level, left view of the room revealing light raytracing

and Daylight Glare Probability radiance map, as shown in Figure 8-5.

8.3.2 Simulation of reducing the convex slats’ width on the

Parametric Louvre at seven intervals
Likewise, to the previous section, a convex slat has been applied to the
Parametric Louvre. The convex slat width was also changed and examined
at seven intervals; 2.5cm, 5cm, 7.5cm, 10cm, 15cm, 20cm and 25cm. The
simulation consists of; daylight coverage percentage analysis at the desk
level, left view of the room revealing light raytracing and Daylight Glare

Probability radiance map, see Figure 8-6.
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DGP=0.46 Intolerable

DGP=0.46 Intolerable

DGP=0.44 Disturbing

DGP=0.32 Imperceptible

DGP=0.31 Imperceptible
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Figure 8-5: Concave Parametric Louvre shape — applied in an example office room in New Cairo on 22" of March at
noontime, showing; top view — daylight analysis percentage(left), side view — raytracing study (middle) and DGP

map (right), respectively.
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Figure 8-6: Convex Parametric Louvre shape — applied in an example office room in New Cairo on 22" of March at
noontime, showing; top view — daylight analysis percentage (left), side view — raytracing study (middle) and DGP
map (right), respectively.
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8.4 Examining the Parametric Louvre performance with the
reduced slat width and the modified slat’s shape on the
21st of June, 23" of September and 21st of December
during the working hours at the New Cairo location

It is apparent from the previous results that modifying the slat size and
shape succeeded to achieve promising performance compared to its initial
size and its flat shape. Accordingly, these new applied modifications will be
examined in different seasons at different times for more validated results
and doubtless performance. For convenience in descriptions, the
Parametric Louvre with a slat width 2.5 cm will be denoted as (Slim Flat-
Parametric Louvre or SE-PL), (Slim Concave-Parametric Louvre or SCC-PL)
and (Slim Convex-Parametric Louvre or SCV-PL), respectively.

A comparison has performed between SF-PL, SCC-PL and SCV-PL
during daytime from 9 a.m. to 5 p.m. on the 21t of June, 23" of September
and 21t of December to examine the performance of daylight coverage
percentage analysis for each shape individually, via using DAYSIM based
on Ladybug as a plugin in Grasshopper, see Figure 8-7, Figure 8-8 and
Figure 8-9 . The test was performed under a clear sky condition with direct
sunlight in an example office room by using the EPW weather file of the
New Cairo location. As mentioned previously, the comparison here is only

for the slim slat of 2.5 cm wide.
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9 am
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4 pm
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72 % 77 % | 83 % |

Figure 8-7: Daylight coverage percentage during the daytime on June 21 at New Cairo location for the SF-PL,
SCC-PL and SCV-PL
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9 am
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5pm

81 % ~ 80% 78%

Figure 8-8: Daylight coverage percentage during the daytime on September 23" at New Cairo location for the SF-
PL, SCC-PL and SCV-PL
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Figure 8-9: Daylight coverage percentage during the daytime on December 215 at New Cairo location for the SF-PL,
SCC-PL and SCV-PL
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8.5 Results and discussion about the performance of
reducing the size and modifying the shape of the
Parametric Louver

It can be observed in Table 8-2, Table 8-3 and Table 8-4 that daylight
coverage percentage has been improved when the slat width is gradually
reduced as shown in Figure 8-10. In addition to this aspect, DGP was also
decreased gradually to a Perceptible level, which is potentially acceptable

for visual comfort [41, 313] as shown in Figure 8-11.

Table 8-2: Comparison results between slats count, daylight coverage percentage, DGP and Glare effect of the
Parametric Louvre via using flat slats

Case no. slats width | slats count | daylight coverage | DGP Glare effect
(1) 25cm 5 93% 0.47 Intolerable
(2) 20 cm 7 93% 0.52 Intolerable
3) 15cm 9 94% 0.51 Intolerable
(4) 10 cm 11 95% 0.42 Disturbing
(5) 7.5cm 13 97% 0.39 Perceptible
(6) 5cm 20 98% 0.4 Disturbing
(7 25cm 38 98% 0.38 Perceptible

Table 8-3: Comparison results between slats count, daylight coverage percentage, DGP and Glare effect of the
Parametric Louvre via using concave slats

Case no. slats width | slats count | daylight coverage | DGP Glare effect
(1) 25cm 5 96% 0.46 Intolerable
(2) 20 cm 7 95% 0.46 Intolerable
(3) 15cm 9 96% 0.44 Disturbing
(4) 10 cm 11 97% 0.37 Perceptible
(5) 7.5cm 13 97% 0.32 Imperceptible
(6) 5cm 20 97% 0.31 Imperceptible
(7) 25cm 38 94% 0.34 Imperceptible

Table 8-4: Comparison results between slats count, daylight coverage percentage, DGP and Glare effect of the
Parametric Louvre via using convex slats

Case no. slats width | slats count | daylight coverage | DGP Glare effect
(1) 25cm 5 95% 0.43 Disturbing
(2) 20 cm 7 95% 0.45 Intolerable
(3) 15cm 9 94% 0.43 Disturbing
(4) 10 cm 11 96% 0.37 Perceptible
(5) 7.5cm 13 97% 0.3 Imperceptible
(6) 5cm 20 97% 0.29 Imperceptible
(7) 25cm 38 98% 0.25 Imperceptible
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Figure 8-10: Daylight coverage percentage comparison results
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Figure 8-11: Daylight Glare Probability comparison results of the reduced slats’ size of the SF-PL, CCS-PL and
CVS-PL

8.5.1 The influence of reducing the size and modifying the shape

of the Parametric Louver performance
Based on the results in Table 8-2 and Table 8-3 it can be observed that
daylight coverage by using the concave slats is slightly lower than the flat
slats due to the geometrical change of the slat curvature which influences
on the reflected light distribution, meanwhile, DGP is slightly decreased in
the concave slats compared to the flat one. On the other hand, in Table

8-4, there is a tangible improvement in the performance of the daylight
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coverage and glare probability when using the convex shape. It can be
seen that daylight coverage percentage reached 98% corresponding to an
apparent drop in DGP to 0.25, which considered “Imperceptible” glare at
that level in Case (7) compared to other cases. Among all other shapes,
the (2.5 cm) convex shape in Case (7) achieved the best performance of
daylight coverage and lowest glare, as shown in Figure 8-10 and Figure
8-11, respectively. In addition, the caustics on the ceiling is almost

disappeared in such a case, as shown in Figure 8-17.

8.5.2 The outcome of the reduced size and the modified shapes of

the Parametric Louver at different times and dates

On the 21t of June, among all slats’ shapes, the SCV-PL reveals the
best performance of daylight during the working hours, especially at early
and late hours as shown in Figure 8-12. The reason of that is due to the
scattering parameter of the convex shape which is more likely to diffuse
the received light rather than the flat shape which tends to reflect the same
amount of any received light, and even the concave shape which tends to
focus the received light as shown in Figure 8-15.

Moreover, the SCV-PL plays a vital role with the light received from the
skydome, regardless of the direct sunlight. For instance, in Figure 8-7 at 4
p.m. and 5 p.m. on the 21t of June, it can be noticed that the azimuth
inclination of the sunbeam is not striking the south window, which means
that the received daylight only depends on the light coming from the
skydome. Accordingly, this steepness of incident light can be a rational
reason for the lack of daylight availability in the SF-PL and SCC-PL cases.

It can be seen in Figure 8-13, on the 23™ of September that the
performances of all shapes are almost similar during the daytime, where,

the illuminance coverage percentage ranges between 77% - 96%, which
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should be sufficient to meet the occupants’ visual comfort and save energy.
Accordingly, the SCC-PL and SCV-PL can be considered as efficient shapes
beside the FS shape.

On the 21°t of December, the performance all shapes are almost similar
as well, with a slight difference at the morning hours, see Figure 8-14.
Due to solar weakness and daytime insufficiency, the daylight coverage
percentage gradually decreased from 80% at 3 p.m. to 0% at 5 p.m.
Meanwhile, daylight coverage performance during the other hours is

almost steady of around 85% except at 9 a.m., which is relatively low.

DAYLIGHT COVERAGE PERCENTAGE ON THE 21ST OF JUNE
—4—SF-IAMS ——SCC-IAMS SCV-IAMS

100% .

90% ’m_'
80% f’—
70%

60%
50%
40%
30%
10:00 11:00 12:00

9:00 AM AM AM PM 1:00 PM | 2:00 PM 3:00 PM 4:00 PM 5:00 PM

=—4— SF-IAMS 75% 87% 90% 95% 94% 93% 83% 84% 72%
——SCC-IAMS  78% 86% 87% 93% 92% 95% 85% 84% 77%
SCV-IAMS  90% 92% 88% 96% 95% 94% 94% 93% 83%

Figure 8-12: 21% of June daylight coverage percentage graph for the SF-PL, SCC-PL and SCV-PL from 9 a.m. to 5
p.m.

DAYLIGHT COVERAGE PERCENTAGE ON THE 23RD
OF SEPTEMBER

=—4—SF-IAMS == SCC-IAMS SCV-IAMS
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9:00 AM AM AM PM 1:00 PM 2:00 PM | 3:00 PM 4:00 PM | 5:00 PM

=—4— SF-IAMS 84% 87% 96% 96% 90% 91% 85% 82% 81%
——SCC-IAMS  87% 88% 92% 88% 91% 90% 89% 80% 80%
SCV-IAMS  78% 87% 94% 94% 90% 87% 85% 77% 78%

Figure 8-13: 23" of September daylight coverage percentage graph for the SF-PL, SCC-PL and SCV-PL from 9
a.m.to5p.m.
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DAYLIGHT COVERAGE PERCENTAGE ON THE 21ST
OF DECEMBER
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Figure 8-14: 21 of December daylight coverage percentage graph for the SF-PL, SCC-PL and SCV-PL from 9 a.m.
to 5 p.m.

Although the significant variations in altitudes due to solar solstices
[22], thanks to parametric design which capable to control the slats’
rotations with respond to these solar fluctuations and accordingly facilitates
the manipulation with the targets locations over the ceiling based on solar
altitudes [247], which can compensate the weakness spots of daylight

inside the room.

8.5.3 Discussion about the reflection behaviour of the Flat,

Concave and Convex-Parametric Louver

It can be seen in Figure 8-15 that the concave slat behaviour is similar
to the “parabolic trough” where, sunlight is collected and focused to a
specific point; however, the concave slats were not tuned to a specific focal
point. The light is concentrated at a specific distance then distributed again
until reaching the ceiling. The reflected light is slightly concentrated near
to the window then distributed in patches, then overlapped at the end of
the room. It should be considered that the focal points in the concave case
may have a risk of heat concentration on the fabrics material in the interior

space, which can be a potential drawback of such a system, as seen in
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Figure 8-15. On the other hand, the convex shape tends to disperse the
reflected light over the whole ceiling, as shown in Figure 8-16, which

considered as an advantage concerning the DGP.

Focal point

‘Concave slat
Figure 8-15: Side view showing the shape of the reflected light with a 5 cm concave slat in different inclination

angles, the red circles indicate the focal points which may occur a risk for a heat concentration spots

Convex slat

Figure 8-16: Side view showing the shape of the reflected light with a 5 cm convex slat in different inclination angles

In addition to the previous point, it can be seen in the false-colour maps
in Figure 8-17 a density difference between the bright stripes on the
ceiling, which influences the daylight uniformity in the room. Thanks to the
small slats, which dramatically reduced the contrast between the bright
stripes and gradually blended, as shown in Cases (7), which can yield
better daylight uniformity. Moreover, the false-colour maps in Figure 8-17
reveal caustics patches in cases 01 and 04; however, these caustics were
slightly diminished in Case (7), which has no contrast and homogeneously

distributed. Besides, we can obviously notice a tangible improvement
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among the SF-PL, SCC-PL and SCV-PL in Case (7), respectively, where the
SCV-PL is the brightest case and the lowest in glare potential.

Generally, we can conclude that reducing the slat width can have a
positive influence on daylighting performance, better illuminance
distribution and glare reduction, in addition to the benefits of decreasing
the system’s weight for easy accessibility and increasing the slats’
strength. Accordingly, such a system can be reduced as the size as the
standard Venetian blinds instead of the large louvre, and simultaneously,

maximising its daylighting utilities.

Concave-PL Flat-PL

Convex-PL

Case (1) Case (4) Case (7)

Figure 8-17: HDMI false colour maps for the cases (1), (4) and (7) of the Flat, Concave and Convex-Parametric
Louvre, respectively.
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8.6 Summary

Practical and feasible aspects are essential to promote any new
daylighting system. The proposed Parametric Louvre has been discussed
in the previous chapters as a daylighting system, which was initially
designated to be installed outdoor over a building’s facade, likewise the
shading appliances. This chapter investigated using more reliable and
practical Parametric Louvre by reducing the slat width and changing the
slat shape, which can accordingly reduce their weight, increase their
strength and achieve a graceful shape.

The Parametric Louvre performance has been examined after reducing
its slats’ width gradually from 25 cm to 2.5 cm. The examination performed
on flat, concave and convex shapes by investigating their daylight
coverage percentage and daylight glare probability for each shape. The
results revealed that the reduced slats (slim-slat = 2.5 cm) could achieve
better performance in both daylighting coverage and DGP, compared to
the bigger ones. Notably, the concave and the convex shapes were
resulting in much lower glare than the flat shape.

The slim shapes (SF-PL, SCC-PL and SC-PL) have been examined as
well in different dates during the daytime, in June, September and
December for more validated results. The results revealed that all shapes
almost had similar performance; however, the SCV-PL can be considered
as the most promising shape among the other shapes due to its stability
performance, especially in June, in addition to its lowest glare probability.
In conclusion, SCV-PL can be recommended as a promising daylighting
system while it has slim size, lightweight, strength, graceful shape, and
simultaneously can provide better daylight performance with low DGP.

Such a system can be installed at the upper part of the window inside the
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room for more handy control and even can be attached between double
glazing due to its slim size. Moreover, this system can provide visual

comfort and save energy in addition to its feasible characteristic.
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Chapter 9 Conclusion

9.1 Conclusion

In the recent years, in respect of the agile development and new
technologies, there has been tendency to move away from analogue to
digital, from keyboard to touch screen, from static to dynamic approach,
to achieve more accuracy, ease control, flexibility and leisure. Daylighting
systems accordingly have been developed from the static state towards
automated control, to achieve better performance, energy-saving and
utmost visual comfort. Meanwhile, the parametric approach has been
widely utilised due to its capability to deal with complex geometries and
variable parameters, simultaneously, in addition to its optimisation
characteristic. Parametric design has been exploited in this study to control
an automated daylighting system to respond parametrically to the sun
movement and solar intensity changes, aiming to provide sufficient
daylight inside the buildings during the daytime.

Overall, the proposed system succeeded to provide steady and
distributed daylight inside a deep-plan room up to 8-meter depth during

the daytime, within a recommended illuminance range 300~500 Ix.

1. Provide uniform and distributed daylight
The proposed louvre system is parametrically tuned to distribute the light
over the ceiling uniformly. Two sources of lights provided from the
Electrochromic window and the reflected light over the ceiling, work as
diffuse light to the room. The diffuse light is highly recommended for
occupants in office areas, while it is convenient for desktop reading, office

work, workshops and design work.
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2. Protect from direct sunlight
The proposed system succeeded to protect from direct sunlight and

reduce potential glare.

3. Increase the steadiness of the provided daylight

The proposed system is parametrically tuned to provide daylight within
the illuminance range 300~500 Ix, to achieve human visual comfort.
Thanks to the parametric design, which can retain this range, and
simultaneously, keep the reflected light steady inside the room against the

continuous movement of sunlight during the daytime.

4. Achieve a more practical and feasible system
Reducing the slats’ size of the proposed louvre system and changing
their curvature; contributes to better performance, lighter weight and

graceful structure, for a more practical and feasible system

9.2 Discussion

The proposed daylighting system has significantly improved the quality
and quantity of the daylight inside a deep-plan room for the most of the
working hours during the daytime. Compared to other daylighting system
in the market, the proposed Integrated Parametric Louvre can achieve up
to 90% of daylight coverage with small automation and easy installation,
besides its feasible components, which accordingly achieved the aim of this
study. Moreover, the system can accurately control the penetration of the
daylight inside the building by using simple microcontroller. On the other
hand, most daylighting systems are expensive, need regular maintenance
and may have size constraints, in addition to their limited efficiency which

can reach up to 50% of electrical energy saving at their best performance.
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9.3 Recommendations

1. Recommended elements for best performance:

In order to obtain the best performance of the proposed system of
uniformity and steadiness, it should be used as an integrated system as
mentioned in chapter 5 and chapter 8, which consists of; the Slim Convex-
Parametric Louvre, Electrochromic window, Thermochromic window and
the chamfered ceiling. For high accuracy and full coverage during the day,
we may consider the Innovative Parametric Louver in chapter 7. For the
best feasibility, the “Slim Convex-Parametric louvre” which investigated in

chapter 8, should be considered as a daylighting system.

2. Recommended territories:

The system is highly recommended in sunny territories with clear sky
conditions. However, such system was even succeeded to provide daylight
in the cloudy conditions, due to the aid of the advanced glazing in addition
to the mirrored slats, which capable of reflecting the diffuse light emitted

from the clouds and skydome.

3. Recommended orientations:
The system is highly recommended to orientate to the south and south-

west orientations for the Northern Hemisphere part, and vice versa.

4. Recommended depth:

The system can efficiently lit a deep-plan room up to 8 m depth with
only 80 cm height of a Slim Parametric Louvre, which means that room
depth is relative to 1:10 of the system’s height. For instance, if the room
is 5 m depth, it requires 50 cm height of Slim Parametric Louvre in order

to work with full performance.
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9.4 Potential outcome

1. Save electrical lighting energy

Daylighting can be a clean alternative solution against artificial lighting.
While, 40% of the annual energy consumption of general buildings based
on electrical lighting consumption, the current study investigates an
innovative daylighting system that can save up to 80% of electric lighting
throughout the year. This reduction can help to reduce the emission of CO;

that dramatically causes global warming.

2. Enhance occupants’ health and productivity

Providing natural light inside the building is vital for human circadian
rhythm, while, it can increase their efficiency, organise their body clock,
improve their creativity, reduce their stress and stimulate their energy

levels.

9.5 Limitations of the system

1. Overcast sky condition

The efficiency of the system can be lower than the recommended
illuminance level (300 Ix) with the overcast sky condition, while the
reflective slats are mainly depend on the direct sunlight in order to reflect
the incident light. However, even with low daylight condition, the system
capable to reflect the diffuse light from the skydome with the help of the
translucent window, unless, the Global Horizontal Radiation is lower than
100 Wh/m?2. The contribution of the daylight at this situation is considered
extremely low and the horizontal illuminance of the skydome can reach

~5000 Ix, while the interior illuminance can be lower than 100 Ix.
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2. Maintenance

The system may have the risk of lower specularity because of potential
dust over the slats’ surfaces, which probably needs a regular cleaning of
the surfaces. This issue can be solved by installing the system between a

double layers glazing which can insulate it from poor ambient conditions.

9.6 Future work

1. Concentrate on executing the system with more accuracy, simple
control and the potential application on an existing louvre blinds.

2. Investigate the potential application and execution of the Dual-axis
and Double-layer louver system.

3. Disseminate the findings and outcome of the system to the industry
to introduce it to the market for commercial use.

4. Work forward to publish two more papers about the new findings of
the proposed system.

5. Investigate the application of the smart windows via using prototype
and experimental test.

6. Utilise the machine learning application for optimum performance.
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